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NUMERICAL SOLUTION OF EQUATIONS FOR ONE-DIMENSIONAL

GAS FLOW IN ROTATING COOLANT PASSAGES
By W. Byron Brown and Richard J. Rossbach

SUMMARY

A theoretical analysles was made of the alr flow through the blade
coolant passages In an alr-cooled turbine rotor; one-dimensional flow
was assumed. The simmltaneocus effects of area change, compressibil-
ity, wall frioction, heat transfer, and rotation were included. A
mumericel method for solving the differentlal equatlons expressing
the conservatlon of energy and momentum is presented for the general
cage in which the coeffliclents in the two equetions are allowed to
vary along the blade span. In addltion, the varistion of the combus~-
tion-gas effective temperature and relatlve veloclty at the entrence
to the rotor are consldered in the analysis.

Tables of the several Mach number functions that appear in the
differentlal equations are presented. The inberval in the Mach
number in these tables is small; the labor of interpolation is there-
by minimized.

A mumerlical example is solved by unse of the general solutlon of
the differentlel equations. For the seme example, & simplified solu-
tion of the energy equation 1s presented, in which mean constant
values were used for the coefflclients. The plotted results of the
two solutions indlcate that total temperature, Mach number, relative
velocity, and static pressure of the cooclent determined from the
simpiified solutlon deviated less then 2 percent from the corres-
ponding values obtained for the general solutiom.

It was found that the general solution, in which the cceffi-
cients in the differentiel equations were treated as varlables, should
be employed for acourate determination of the gpanwise blade-metal
temperature distribution. The blade-metal temperature distribution
mey be approximetely determlned, however, from e simplified soluntlon
of the energy equation by utilizing the effective combustion-gas-
temperature distribution and an approximate velue of the variation
in the ratlo of ocutside to inside heat-transfer coefflcient.
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INTRODUCTICON

Turbine=inlet temperatures higher than those encountered in ocur-
rent use offer possibilities for large improvements in the performance
of airoraft gas turbines., For this reason, the net effect of differ-
ent turblne-cooling methods on engine and airplane performence and
means for utilizing higher inlet temperatures are being investigated
at the RACA Lewls leboratory. An Important phase of this work 1s the
analysls of coclant flow through passages in the rotor bledes.

In the sir=cooled turbine, the cooling alr may be introduced
into the turbine dlsk near the center from some stage of the mein
compressor. The alr then flows in & radial directlion and enters a
radiel blade cooclant passage at the base of the blades. The pressure
and the temperature of the alr flowlng through the blade coolant pas-
sages are affected by heat tranmafer, wall frictlon, rotation of the
turbine wheel, end changes In flow area slong the cooclant passage.
The cooling alr 1s often dlscharged into the working~fluld gas stream
at the tips of the blades. An analysis of the alr flow in the blade
coolant passages ls necessary in order to determine the pregsure
requirement for the cooling alr and the effect of the cooclant on the
performance of the entire englne. A method for computing the pertinent
flow characteristics of the cooling air within the blade coolant pas=
sages ls presented herein.

Consldereble research has been done on the ideal case of one=-
dimensional gas flow through statlionary passages. Same of this work
is summarized 1n reference 1. )

Simplified solutions valid for low velocities (Mach numbers less
than 0.4) snd moderate heat-transfer rates (temperature differences
between the air and the wall less than 300° F) ere presented in ref-
erences 2 and 3, Experimental work presented ln reference 4 shows
that for higher Mach mumbers apd higher heat-~transfer rates, the
simplified solution gave only very rough approximations. Even for
the simple case (one-dimensional flow through stetionsary passages),
no exact closed-form aolutlon has been found for the momentum eque-
tion. References 5 and 6 present sets of working charts that faclili-
tate the determination, wlthout individuel Integratlion, of the pressure
veriations of a compressible fluid flowing through heat-exchanger
passages in the speocifled case whereln heat 1s added to the ailr
gtream by the passage walls, which are at 2 constant temperature
throughout their length. Tt 1s steted in reference 6 that simllar
methods could be used for the case in which the rate of heat Input
elong the passage length 1ls constant.
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A one-~dimensional analysls of gas flow In a stabtionary passage
is presented in reference l; the simltaneous effects of area change,
wall friction, drag of internal bodles, generalized body forces,
external heat exchange, chemical reaction, change of phase, injection
of geses, and changes in molecular welght and specific heat are con-
sidered. The analysis of reference 1 can be applied to the flow
through the rotating blede coolant passages by replacing the general-~
ized body force of reference 1 by the centrifugal forces due to the
rotation of the blade coolant passege. In this commection, the 4if-
ferential equatbtlions expressing the conservatlon of energy and momentum
are developed in forms that are applicable to the present problem.
Methods for the simmlteneous numerical solution of these two differ-
entlal egquations are presented.

The similtenecus solutlon of the energy and momentum equetions
from the tip of the bilade to the root permits the determinsation of
gtatic pressure, total temperature, end velcocliy distributlons of the
coolant alorg the blade coolant passege. In additlon, the spanwise
blade-metel temperature dlstribution may be determined. Recommenda~
tlons are also made for determining the heat~transfer coefficlents,
the frictior coefficlient, and the recovery coefficient, inasmich as
these coefficlents appear in the dlfferentisl equations. A numerical
example 1s presented to demonstrate the applicatlion of the methods
developed. This example ls also solved by using two cloged-form
solutions of the energy egquation and the results are compared. Also
a simplified method of determining blade-metal temperatures is given.
Tables are presented in order to facilltate the computations; these
tables requilre less interpolating time than those of reference 7 and
contain .additional Mech mumber functlons not given ln reference 7.

ANALYSIS

The principal assumptions made are listed and dlscussed. The
basic physicel eguations and the working equetione derived from them
for this application are alsoc given &s well as & mumerlcal method
for solving the differentisl egnetions and the solution of & numer-
ical example to 11lustrate the method.

A schemmtic sketch of a hollow turbine blede mounted on the
turbine disk is shown in figure 1(a). The analyticel methods pre-
sented refer to the coclant flow in the section of the blade bebween
the redili ry and »p. The remaining three sketches in figure 1
indicate possible hollow~blade crose sections to which the present
enelysis can be applied.
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The velocity disgram of the coolant abt radinus »r 1s super-
imposed on the sketch of a mounted hollow blade in figure 2(a). The
velocity W referred to in the following analysis is the veloclty
of the coolant relative to the blade in the radial direction. The
total temperstures’ employed are relative to the blade.

In a turbine blede rotating at a high angular veloolty, the
coolant flow ls affected by rotation, change in flow area slong the
blade coolant passage, wall friction, and heat transfer from the hot
blede walls to the coolent. The inside and ocutside perimeters of the
blade as well as the coolant flow area vary, in general, along the
blade span. The velocity of the combustion gas relative to the blades
may vary es mich as 100 percent elong the blede span. All these
variations cause changes in the Reynolds mumbers of the combustion=-
gas flow and coolant flow; variations in the Inside and outside heat-
trangfer coeffliclents along the blade spen therefore result.

If the spanwlse blade-metsl temperature distribution is reguired,
all these veariations along the blsde must be considered in the solu-
tlon of the differential equations descrlbing the coolant flow. In
order to account for all the varliations, & numerical sclution is
presented for the differential equations. If, however, an accurate
blade-metal temperature distribution 1s not required, a closed-form
solutlion of the energy equation may be employed without appreciably
changing the computed distribution of temperature, pressure, veloolty,
densaity, and Mach mumber of the coolant.

Assumptions

In order to simplify the apalysils, the followlng assumptions
are mede: These assumptions are listed and then discussed.

l. The coolant flow is one-dimensional and in the radial direc-
tlon; that 18, the flow properties are constant in any cylinder per-
pendicular to the radius.

2. Heat conduction spanwlse along the blede 4o the rim is
negligible, '

3., Heat transferred by radiation (from the stator to the rotor)
is negligible,

4. Inlet effects on heat transfer are negligible.

5. Thermal resistance of the blade wall is negligible,

1199
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The varlation of pressure, temperabure, velocity, and density
across & sectlon of the coolant passage 1s small enocugh In current
turbine designe to permlt assumption 1., For example, in the case of
the Jumo-004 hollow=-blade turbine, Stodola's formula for the velocity
varigtion (reference 8) gives a variabtion across the passage of about
10 feet per second, which corresponds to & velocity variation of
about 1 to 3 percent. The pressure veriations would be of the same
order of magnitude. Veloclty varistions across the passage could
concelvably be produced by natural convection; if these velocitles
are compared wlth the forced velooltles by camparing in a typicel
case the heat-transfer coefficlents due to natural and forced convec-
tion, variations of about 10 percent appear possible. The largest
deviation from an average value would thus not exceed 5 percent and
& one-dimensional calculation would glve the redlael velocity trend
with suffioclent accuracy for many purposes.

The parameter thet measures the relatlive lmportance of conduc-
tion to the rim 1s shown 1n reference 9 as

The spanwlse blede-metel temperature dlstributions for certaln air-
cooled hollow blades, which have been studled, indlcate that conduc-
tion to “the rim ls negliglble beyond a point 0.8 inch from the rim.
The velue of { at this polint is bebtween 3 and 4. TFor the alr-coocled
hollow blede of reference 10, the value of { for negligible conduc-
tion to the rim is 3.4 and ocours at & point 10 percent of the blade
span from the root (0.4 in.). Equation (10) of reference 11 (p. 232)
indicates that when § 1s egual to or grester than 4, the temperature
difference between the combustlon ges and the blade metal is changed
less then 1.8 percent by comduction to the rim. Assumption 2 thms
appears to be Justified when { 1s equsl to or grester than 3.5 at
the point in question. In the mumerical example presented hereiln,

is equal to 3.5 at a point 0.7 inch (19 percent of the blade span)
from the root.

Assumptlon 3 bas been studled in an unpubllshed- hollow-blade
calculation; the effect of radiation was found to be very small for
stator temperatures up to about 2000° F. Because of the very small
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contribution of redistion to the total heat transferred at 2000° F,
radliation effects may probebly be neglected without sizeable exrror
for stetor temperstures es high as 3000° F.

Assumptlion 4 ls supported by unpublished date on heat transfer
in a tube.

Assumptlion 5 is customarily used when & gas f1lm existe on each
glde of & thin metal wall.
Besic Physlcal Equations
Four basic physicel equations are availlable for the determination
of the distributlons of Mach number, static pressure, total tempera-

ture, and the veloclty of the coolaent along the blasde coolant passage.
The equatlon of state and the conblnulty equation, respectively, are

D = pgRT (1)
v = PgAW (2)

(A1l symbols sre defined in appendix A.)

The general form of the energy equation is

Fy dr

T =cpd.T+d.w'E— (3)

2gJ

da +

as in reference 1 and the general form of the momentum equation is

a
&p - p, ar + LA, 7PEr _ g : (&)
P8 g oe

a8 in reference 11 (p. 117).

1199
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Working Form of Differentiel Equatlons

The independent varisble r may convenlently be changed to &
dimensionless mumber y defined so as to vary from a value of zero
at the blade tip to a value of unlty et the blede root. Thus

y=(1/p)}(d + vy, - 1) (5)

The maln dependent varlables are the total temperasture of the
coolent T" and the Mach number of the coolant M; both are referred
to the rotating passege. The dependent variables are defined in the
usual manner.

" Wa
" =7 4 ZJscp (8}
YA
W = o (7)

The distributions of Mach number, static pressure, total tempera-
ture, coolant veloclity, and blade-metal temperature along the blade
coolant passage are shown in eppendixes B and C to depend on the solu=-
tion of the differential equetions of energy and momentum. The work-
ing form of the energy equation is

2
n PH 1 2 2 r.w
h
ar” _ _ WO Jp " [1'(1‘A1)I'Ie:| _'b__m_(l_y) -—
ay WGy (1+A) |78 P Jecy Jgcy

(8)

end of the momentum eguation is

au® Ip gp” srp I 26 D b _.2\].Taaa (g
e R Ao E (R )RR ©
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where
222
- B (10)
'z, 14+ z—é'-}-uz
1+ w2
R = 748 1)
22 o 510
IA = - (22)
1 - M2
ML + lz'i M2)
1 -
M2(1 + M2)(1 + Z;—]:-Mz)
1, = (1)
1 - M2
and A; is the recovery coefficient defined as
Te -7 (15).

A=—————-—-
1 "o

where T_ 1s the adiabatic wall temperature, that is, the temperature
assumed ‘eny the wall in the absence of heat transfer between the wall

and the moving fluld.

A1l the functiong have been caloulated and sere presented in
table I. Some of these values have been published in reference 7. In
the present tables, some new functions have been added to those of
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reference 7. An edditional specifioc heat ratio (1.37) has been com-
puted in order to simplify interpolation for verying alir temperatures.
The tabular intervel in the Mach number hap been reduced also to
facllitate Interpclation.

In general, equations (8) apd (9) muet be solved simmltaneocusly
because the Mach number occurs in the energy equation (8) and the
total temperature occurs in the momentum equation (8). In many
instances, especially when Ai is oclose to unity, the term involving
the Mach number In the energy equation 18 quite smell, less than 2
percent of unity. In such cases, thls term Is often neglected in
order to permit the energy equation tc be solved independently of the
momentum equatlon. This solutlon is presented in the section APPROX~
IMATE CLOSED-FORM SOLUTION OF ENERGY EQUATION.

Determinetion of Flow Characteristics

When the differential equations (8) and (9) have been solved for
the distributions of Mach mumber and coolent tobel temperature along
the blade coolant passege, the stetic-pressure and coolant-veloclty
distributions may be determined as in reference 1 from the equations

2 . 2
2. M2 %(____l" 2 ”T> (16)
TR M AT\, Tl

=1 . 2
LA ?.L(l'l-zrur (17)
Wp M AT g l+7'2;ll‘ia

Equation (16) is obtained from the cambination of eguations (1), (2),
(6), and (7). Equation (17) is cbtained by elimineting T from
equetions (6) and (7) and substituting Rr/(7r-1) for Jep.
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NUMERICAL METHOD OF SOLUTION

The numericel methods are developed in reference 12. In order
to adapt these methods to the apecific problem consgldered, equal
Increments of length along the blade coolant passage are designated
by the stations 0, 1, 2, . . . n, beglnning et the blade tip. The
distences to each of these stations are designated by ygo(yg = 0),
J1s ¥2s5 s s & ¥, respectively. A simltaneous solution of equa-
tions (8) and (9) is required; the procedure for solving both equa-
tlons is identiocal. The totel-temperature distribution, which 1s
obtained from the energy equation, is nearly linear, whereas the
Mach number distribution, which 18 obtalned from the momentum
equation, 1as not; consequently, all the refinements requlred for a
function with a rapldly chenging slope must be ntilized in the solu-
tlon of the momentum equation. The details of the solution of the
momentum equation are therefore presented. The energy equation may
be solved in a similar menner by employing as many of the refinements
ag are required. ’

The solution 1s Initisted by determining the Mach number at the
tip from the relation

_¥2RT"

Algp

I = 7 (1 + L2 ?) (18)

which is derived in eppendix D. All quantities on the right side of
equation (18) are assumed to be known and the Mach number at the tip
of the blade oan be found by reference to table I,

The insertion of the initisl velue of M2 (when y = 0) in
equation (9) yields (aM2/dy)y. The value of M at the station 1/2
is computed from the equation

2 - (M2 ame -

(e )1/2 = (M )O + (E;-)O (yl/z YO) (19)
2

The value of (M2)1/2 permits the computation of <%§f)1/z from

equation (9) using the values of I,, Ip, Ip, and Iy from
table I and the values of 4, T", aT"/dy, Dy, £, and AA/A &y
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corresponding o ¥y /2° The simultaneous step-by-step solution of the
energy equation yields T" and daT"/ay.

The value of (Mz)1 is then computed from the equation

), = () +(‘“‘2)/2( - %) (20)

As before, the value of (aM%/dy); 1is computed by imserting (u%);
in equation (9).

Differences will hereinafter be employed for calculeting quenti-
ties necessary in the mmerical integration. The following equatlions
indicate the method for computing the required differences at any sta-

ipstosts
n(E) -(3) -(8) | )
A2 (%E)n =4 (%ﬁ)n -4 (%z)n_l (22)
85 () -0, (8) -2 (&) | (23)

ot A, ey e wednes of (WC/a),,, ent (), e

It is important to have the numerical work systema:bically
erranged. The values of the different functions of aMZ/dy for the
stations 0, 1, 2, . . . n may be conveniently arranged as 1ln the
followlng 'ba.'ble of differences:
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Yn

ame
&y n

s (85),

n (#),

s (§),

o (2

&)

Ay |5
2 \dy
3

 (85)

This teble 1s formed by subtracting each number from the one lmme-
diately beneath It and setting the remalnder opposite the minuend in
the column to the right.

A simllar table of differences may be constructed for the Mach
Third -order differences for elther

number at the several stations.

dM2/dy or M will change slowly if the imterval JFp.;
sufficlently small, The table of differences in which the third-crder

differences change more regularly should be noted.

- Jn 1s
The value of the

argument of thils table at station n+l mey be estimated by inference

from the difference table.
inferred at mtation n+l from the values above 1t.

The third-order difference is first

The inferred

difference 1s then added to the last entry in the second difference
The resulting sum is edded to the last entry in the first
difference column, which is finally added to the last entry in the

columm.

column for the tabulated velues of the argument.

ig the trial value of the argument.

The next step is to compute (uz)n+l. This term 1s found by the

formmle

The resulting valune

1199



66TT

NACA RM ESOEO4 13

(), -08) = (g -,) [(B) -3 (& &) e (2) -
2—1-133 (g+2)n+:L .. (24)

This value of | Ma)n+l is used in equation (9) to compute

(am® /83) 41+ If thie result differs considersbly from the trial
value of (aM /a;;r)rl+l found by inference, the differences are recal-
culated end equation (24) used sgain. The value of (ma)m_l seldom
needs to be corrected more then once.

The values of M? snd aM%/dy at stations 2 end 3 are found
Just as those for station n+l except that, for the step from 1 %o 2,
A, and Az are unknown and, for the step from 2 to 3, Az 1is unknown.
Terms conbaining these differences are omitted. It is thus advisable
at this stage, that is, when approximate values are known for the
stations 0y 1, 2, and 5, %o check the values of A3 Mi%, A7 M2,

and Ay Mz™ Dby the followlng equations:

8qM; 2 =Ay[‘m2) - (‘mz 2 gz) . (dy)3 (25)

e = o (8), - 300 (2), « e (B2), < s (BF),| oo

it o [(82) -3 (BE), - e (), & (8)] e

and revise M;Z, Mp%, M5 in the tables.
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With the revised values of M2 the corresponding values of
dM2/dy are recomputed from equation (9) and the difference tables
are corrected.,

If in the oourse of the computations the differences of the
highest order employed become very small, the interval between the
values of y wmay be doubled. In order to accomplish the lncrease
in the interval, the values of dMZ/dy corresponding to the alter-
nate values of y employed in the last steps of the computation are
ocmitted. A new difference table 1s constructed employing the remain-
ing values of aM /dy. The new differencer may then be employed in
the continuation of the computation.

If, however, the differences of the hlghest order become very
large or 1f these differences vary lrregularly, the Interval between
the values of y enmployed must be decreased to one-hslf or one-third
the original velue. If the last line of differences Ay (aM2/ay),

(where 1 =1, 2, and 3) in which the highest-order difference is
still small oocurs at a value of y = y,, this line of differences

mist be replaced by a new line of differences A3 » (sz/dy)n (vwhere

1 =1, 2, and 3) corresponding to the reduced intérval but applicable
to the same station y,. The computetion of the value of Ai,r

corresponding to the one-half interval from the value of 4, 1is
accomplished by the following equations:

1 1 1

1 1 1 :

3

1199
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The followlng equa'bions are avalleble for computing Ai r FTor the
one~third Interval from Ayg:

\
1y _ 1 1 5
/1) 1 2
bo,r <z)=§ﬁz+z—753 & (22)
1 1
As,r(%)"z‘f“
A

In a calculation initlated at the blade tip and proceeding toward
the blade roob, the intervel can usually be doubled several times,
even though small intervels are initlally needed because of a high
exit Mach mumber (M > 0.7). If the exit Mach number i1s less than
0.5 and the area changes are small, large intervals (0.1 or 0.2} can
be used throughout the passage for y,,q =~ ¥+ The intervels used
in the numerical example should be taken only as a rough guide. The
previcusly mentloned criterlons should be applied In each case. This
choice of interval is further discussed in the example,

NUMERTCAL EXAMPIE OF GENERAL SOLUTION

The details of a numerical example for a finned blade are pre-
gented ln order to illustrate the procedare to be followed in the
similtaneous solution of the enmergy equation (8) and the momentum
equation (8)}. The radiel veriations of Tg,e, Wgs, ©p, 7, Ho,
Hy, Dy, and the other blade dimensions are considered in the solu-

tlon.

Variatlon Along Blade Spen of H,l, end 1 + A

Tnspection of equation (8) shows that the coefficlent of the
principal temperature term involvee the factors Hglo, and 1 + A
wherxe
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7\ = HO Wz HO WZO
Hi £y

In this case, Hi,w = Hi,f becanse the blade studied hes cooling fins

inglide the passage. Each of the four members of the ratio A varies
along the blade span. The heat~tranafer coefficients Ho w 2and
H:l,w depend on the combustlion-gas, cooling-air, and blade-metal
temperatures &3 well as the position along the blade span; they can-
not be tebulated untll the pertinent temperatures are determined.
The correlations employed to determine H, and Hi w depend on
the local Reynolds number. Beoause the local Reynold.s number varies
along the blade span, the values of Ho,w and Ei w must be deter-
mined at each station. The effect of the Reynolds number variation
along the blade span is accounted for in the computation by calcu-
leting the reference values Ho wilo and Hy wzi that correspond o
the actual values of the two pa.rameters near the midpoint of the epan
end by mltiplying these two reference values by the appropriate
functions of temperature and geometry ratios. In order to make the
variation calculatlons dimensionless, reference values were used.

The ratios Involved then approach unity and all the Invariant factors
cancel.

In the case of the ocutslde heat~transfer coefficlent, the cor- .
relatlon employed 1s determined from data obtained at the NACA Lewls
laboratory (See appendix E).

0.53 / 1/3
[a]
ZopPhio | g 75 Lenteihio Pry (30)
kg, w Hg,w !
Now
- Dex ' (51)
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and

(32)

a=\|c;*'

Dh,o =

For a limited range

k ® 7507 (33)

8,W ® Hg,w

When equation (30) is divided by & similer equation written in terms
of reference values and when equations (31) to (33) are employed, the
following relatlion ls obbtalned:

0.201 1/3
HO:VZO = ( W‘
HO,'H’ZO g,

Over the usual range of tempere; 8 from the root to the tip of the
blede, the ratlo (Prg w/Prg w)l 3 differs from unity by only a few
tenths of one percent a.nd can therefore be cmltted. The final form
of the equatlon is

T3

0.53 /= \0.201L
B:o,'iie'zc;u loWg (TB (34)
HO,'H'ZO zowg

The first factor on the right side of equation (34) may be tabulated
before the simmitanecus solution is inltiated, but the second factor
miet be tebulated as the blade-metal tempereatures become available.

For the Inside heat-transfer coefflolent, the correlation of
reference 13 1s employed. (In this reference all bulk properties
of the air are evaluated at the total temperature.)
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0.8
Hy w Dn PyWDy
T = 0,019 < pw) (35)

The presence of fins in the blade coolant passage may be taken Into
account by adapting the following finned-cylinder relation (refer-
ence 14) to the present case by meking the radius infinites

: <z tenh @ L
Be = oev CEm (36)

The following relation is cbtelned for Hply; I1n a menner similar to
the derivation of equation (34). (See appendix F.)

' 2 tenh

R 5\ on)

Hely 71-“-(71') ' ) m+z“'anh°-P—Lr .
P

Because

2
? =4/—kl-{-i-.§-‘1
B
5L, = z

The right aides of equations (34) and (38) may thue be expressed
as the product of the following two factors: the geometry factor G,
which 1s dependent on the blade geometry, and the temperature-ratlo
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factor €, which is dependent on the temperature distributions. The
Pinal fector of equation (37), the fin factor, contains both gecmet-
ric and temperature terms and muet therefore be evaluated step by
step as the temperatures become avaellable. These factors for deter-
mining the hest-transfer parameters in terms of referende valnes are
presented in the following table:

Positlon | Feab~transfer | Geometry factor, G Fin factor Temperature factor, &
paraneter
a. e \O.
OQutside Ho,vzo (zowﬁ> o3 (Ti)o 2ot
° Ho,wto lo¥g 7B
2 banh qlLe —
- 0.2. . .
Fin Eely LIk mr—p——| (a7 Ef-a)(’ %
£ Hety T A \Ip 2 tanh @Lp | \F" Ty
m+
. 0ul ,_\0.5 0.35 ;= \0.28
naide PLep Le 3o\ /X e Ty
I -_— == | .- — - —
L PLe BN/ L 5

Assumed Conditlons for Kumerical Example

A blade oconfiguration similer to that depicted in Figure 1(4)
was employed in the numericel exsmple, The variation of coolant
flow aresa, hydraulic diameter (inside), perimeters, mean half-width

of fins, and area-change parameter i—% along the blade span 1s

presented in figures 3(2) to 3(e). The turbine is assumed to be
designed for free-vortex flow. The theoretical varlation, along the
blade span, of the combustion-gas velocity relative to the blades at
the entrance to the rotor is presented in Ffigure 3(f). A typical
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effective oombustlion-gas-temperature distribution along the blade
span, which will be employed in the ocomputation, is shown in
figure 3(g). The veriation of Sp and 7 for the cooling air

with temperature is plotted in figures 4 and 5, reapectively. In
figure 6, the varlatlion of the frictlion coefficient with the blede-
coolant~passage Reynolds number 1s presented.

In order to compute the reference values of the lngide and out-
side heat-transfer ocefficlents, the blade dimensions correaponding
to the midpoint of the span (y = 0.5) are employed. The reference
temperature for the combustion-gas properties ‘jz.'B (reference 16) is
assumed. to be 1300° R and for the cooling air T  i1s assumed to be
900° R. The reference values are arbitrary, but are selected to be
a8 near the middle of the probable range of values a8 pogsible. The
data required for the numerical exemple ere as follows:

Y 0.00041 (sq ft)

Ap 0.000194 (sq £t)

b 0.3 (£%)

Dy 0.00868 (ft)

f 0.0065
0.00417 Btu/(sec) (£1) (°F)
0.657x105 Btu/(sec)(£t)(°F)

S 0.82x107° Btu/(sec) (£t} (°F)

kg

k

kg

Ie 0.0055 (ft)
s 0.2505 (ft)
Ty 0.1295 (£t)
To 0.262 (ft)
n 0.0050 (£t)
(B, )Y/ 0.876

Pox 5000 (1b/sq ft)

(3

1199
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Bp 5000 (1b/sq £t)

R 53.3 (£t-1b)/(1b)}(°R)

ry 1.117 (£%)

T 1300° R

" 300° R

T"m 1160° R

ir'g 838 (ft/sec)

W 0.01689 (1b/sec)

A 0.9

m 0.558x1078 glug/(£t)(mec)
B, w 0.695x1076 glug/(£t)(sec)
T 0.0025 (f£t)

© 796 radiens/(sec)

In evalunating the gas properties, a fuel-air ratio of 0,02 and
a hydrogen=carbon retio of 0.186 were essumed.
Calculation of Reference Values of Hy ylo &nd 1 + A
2

Caloulation of Hy ylo. -The reference value Hy yi, is cal-
culated corresponding to the reference temperature

= o
Ty = 1300° R
the blede dimensions employed are for

y=‘0.5
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The computetions are as followst:

- DPex 5000
pB:V =

@Rl (32.17) (53.3) (1300)

= 0,00224 (slug/ou ft)

e To 0.262
Dn’o = -? = —',t—- 0.0834 (ﬁ)

—  Pg.vDn,o, ' |
oo = B2, (o.oozz4)(o.ossgé(8381,,_225,000
He,w 0,695 x 10~

Wip = 0.75 (§6,)05% (B, )/ = (0.75)(225,000)0+5% (0.876) = 451

5, . - Mofgw . (451)(0.82 x 1075) _ (. 04434 Bitu/(seo)(aq £t)(°F)
’ Dh, o 0.0834

Ho,wlo = (0.04434)(0.262) = 0.01162

Caloulation of Hy y, Hp, and 1 + X. - In the calculation of

Hi,y, bhe reference totel temperature T" equal to 900° R is

employed because the velocity in the correlation equation (35) is
baged on the density evaluated at the total temperature. As before,
the reference wvelues of the blade dimensions are those at

130.5

1199
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The velue of H; is computed based on T"; H; ., is determined from
ZE[i by applying a 'bemperature correction (a.ppené.iz F). The value of
Hf is then obtained from Hi we The required computations are:

Dy _ (0.01689) (0.00668)
Tl

= 15,330
(0.00041)(32.17) (0.558x1.0~6)

W
-
Ag
Fua; = 0.019 (Re;)?® - 0.019 x (15,330)0-8 = 42.38

_ Tk -5
A 1X _ (42.38)(0.657 x 107°)
Dy 0.00668

= 0.04168 Btu/(sec)(sq £t)(°F)

- _ (7"\0.56 0.56
By, = B (E—) = 0.04168 —?-0-9) " = 0.03393 Btu/(sec) (sq £t) (°F)

o= |2 E,w . |__(2)(0.08595) _ _ g0.70
g T 4\ (0.004168)(0.0025)

@ Ip = (80.7)(0.0055) = 0.4439

_ E 2 tanh® T
T = i,w( f+m>
m+T @

_ __ 0.03393 2 tanh 0.4439 , 0 0050] = 0.08935 Bt
6.0050 +0.0025 ( 80.70 + 8935 Btu/(sec)(sq £t)(°F)

Hfzi (0.06935)(0.1295) = 0.008981
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.7
_Fo,w o _ 0.01162

= = 1.294
B 33  0.008981

Calculation of Cooling=Alr Mach Number at Blade Tip

The Mech mmber of the cooling air at the blade tlp 1s deter-
mined from eguation (18).

WER T, _ _(0.01689)% (53.3)(1160) _ ¢ .sg3
APem,?  (0.000194)% (32.17)(5000)2

I°=

The value of 7 = 1.370, corresponding to T"p = 1160° R, 1is
obtained from figure 5. The value of Mp = 0.629 corresponds to
7 = 1.37 apd I, = 0.583 In table I.

Calculation of Coocling=Alr Total-Temperature
and Mach Rumber Distributlons

The ocaloulation schedules for Ho wlo and 1 + A, " and

dT"/dy, and M2 and sz/d.y are presented in this sectlon. In
the preparation of these schednles, the interval in ¥y must be so
chosen that the differences in the tabular values of dM /d.y,

dT"/dy, and M do not change too rapidly. (The differences in the
tabular values of dM2/dy normelly change most rapidly.) In the
pregent numerical example, the intervael in y was chosen as 0.01

in the range of values of y from O to 0.15, 0.05 in the range of

y from 0,15 to 0.40, and O.l in the range of y from 0.4 to 1,0.
The size of the interval depends on the nmumber of significant figures
desgired. No generel rule can be given.

Numerical calculation of Ho,wzo and 1 + A. - Coluxms 2 to 11

in the following teble constltute the computatlional schedule for
determining H, ylo by equation (34). The quantity 1 + A in
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column 3 must be assumed at first. If column 26 (in a subsequent
part of the table) is widely different, the calculation mmst be
repeated with-& revised value of 1 + A in columm 3. The table
ghows the final calculation onrly.

1 2 3 €94 5 6 | 7 8 9 10 11
Dand ©®-1) 1300 0,201 0.01162X
fig. 9 x® @

y Mg e Ty 35)0.201
Tg,e [L+AMg e | Te (4T | Tp | g |\Tp Go | Ho,wlo

0 1910 |(1.708| 1352 |1152.2|2504(1466]/0.887| 0.976 |0.754] 0.00855
.0511965 [1.762| 1487 [1139.3|2636(1496| .869 .972 778 .00878
.10i2020 |1.825| 1667 |1123.1|2790|1529| .850 .968 .796] .00895
.15(2073 |1.922| 1911 {1107.0|3018|1570| .828 963 821 ,00919
.20l2117 |2,001| 2119 |1089,6|3208(1604| .810 .959 843 00939
«25|2135 |2.080| 2306 {1071.0|3377|1624| .800 «956 .869| .00965
»3012124 |2.141| 2423 |1052.3|3475/1623| .801 .956 .893| .00992
.35)2103 |2.,203] 2530 |1033.6|3564|1618| .803 «957 917 .01020
.40/12080 (2.273| 2648 |1014.8|3663|1612| .806 .958 .943 01050
.50|2029 |2.325 2688 | 977.1|3665|1576| .825 .g962 .984 .0111%
«60]1971L |2.442; 2842 | 939.3|3781|1548| .840 .966 |[1.047| .0117S
«70|1911 |2.484] 2836 | 9200.5}3737|1504| .864 G971 [1.104 .01248
801847 |2,534| 2833 | B860.6;3694|1458| .892 977 |[1.,158] .01315
.90|1781 (2,552 2764 | B820.6]3585/1405| .925 .8985 (1.218 .01394

1.00{1711 ;2.560| 2669 | 779.7|3449|1347| .965 .993 |[1.278 .,01475

Colums 12 through 25 in the following table comstitubte the compute-
tional schedule for determining Hply according to equations (37)
and (38). In order to initilate the caloulation of 1 + A, a trial
value of A eat station O was estimated as follows:

Ag ® A _ 1.317

~ = 0‘74‘
Geo 1.775

The first line (y = O) was then completed with the 2id of col-
umns 27 to 45 (in a subseguent part of the teble) end the estimated
value of A was checked. If a value of A differing substantially
from A = 0.74 had been obtained, the computations of the first
line in the table would have been repeated. One repetition is
usually sufficient. The trisl value for A in the second line
(y = 0.05) is estimated as follows:
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G

£,0

M o=Rogsy
>

Triel values of A for the third and the following lines may be
estimated by noting the trend A takes.

- The values of T, (columm 5) are obtained by subtracting the
value :

(1-A) T"IE .

(columm 30) from T" (column 44) es in equation (8). The pertinent
values of IT,e were found In table I. The operations to be per-
formed in the remainder of the computational schedule may be deter-
mlined from the columm hesdings. :

11 12 13 14 15| 16 17 ]5 19
0.35 0.28 0.4439% tanh ( 2X
@ ©l L
¥ (‘I‘" ) <T" 0.35 51)0.28 2 tanh QL
8009/ \ T Tn Gy | 9L, |tenh@Le| @ @

0  |1.289 | 1.093 | 0.967 |0.759]0.3561 | 0.3418 |120.3| 0.00568
.05/1.270 | 1.088 .962 .786| .3652 3498 [113.4| .00617
.10|1.252 | 1.082 956 | .811} .3724 | .3561 |107.3| .00664
15/1.233 | 1.076 949 | .834! .z780| .3610 |101.3| .00713
.20|1.213 | 1.070 943 | .857| .3838 | .3660 | 96.7| .00757
.25/1.192 | 1.063 939 | .879| .3895| .3709 | 92.3| .00804
.30/1.171 | 1.057 .940 | .900| .3969 3775 | 89.2] .00846
.35/1.150 | 1.050 .240 | .922| .4040| .383¢ | 86.1| .00891
.40{1.129 | 1.043 .941 | ;939 .4091 | .3877 | 83.3| .00931
.50{1.087 | 1.030 .948 | .973| .4217 3984 | 78.8! .01011
.60/1.044 | 1.015 .952 11.008| .4324 | .4073 | 74.8| .o1088
.70{1.001 | 1.000 .960 [1.035] .4410 4145 | 71.5| .01159 -
.80! .957 | .985 .968 [1.057| .4474| .4198 | e8.8| .01224
.90l .912 .968 .978 [1.082| .4547| .4258 | 66.5| .01281

1.00| .867 .951 .990 [1.096| .4580 | .4285 | 64.8] .01323




NACA RM BESOEC4 ‘ 27

s

66T1

1 20 21 22 23 24 25 26
0.008981X
@0.56 @ 0.7 |Figs. 3(a) <O 1 +%
v a9 + T \0+58 1/ m\0~7 et 3(c) @@@@ﬁ
0.0050 |0+01533 \Tg, 80g, G Eely |1+ A

0 |0.01088| 0.697 | 0.935 1.194 | 1.78L 0.01245 [1.687
05| .01117| .729 .924 1.183% | 1.813 01154 |1.759
10| .o1184| .759 913 1.170 | 1.480 .01078 |1.830
15| .01213| .791 .900 1.158 | 1.365 .01011 |1.909
20| .0o1257| .820 .889 1.145 | 1l.284 .00963 |1.975
25| .01304| .851 .883 1.131 | 1.207 . .00921 |2.048
.30| .01346| .878 .883 1.117 | 1.146 .00891 |2.113
.35| .01391| .909 .884 1,103 | 1,100 .00874 |2.167
40| .01471| .933 .886 1.089 | 1.058 .00856 |2.227
.50| .01511| .986 .898 1.060 | 1.003 .00845 |2.315
.60| .01589( 1.037 .907 1.031 .967 .00842 [2.395
.70 .01659| 1.082 .921 1.001 .953 .0085¢4 |2.459
.80| .01724| 1.125 .938 .970 .946 .00870 |2.511
.90| .01780| 1.162 .957 .938 .965 .00904 |2.542

1.00| .01823| 1.189 .980 .905 .988 .00936 [2.576




28

NACA RM ESOE04

Sclution for total-temperature digtribution of cooling sir. -

The computational schedule for solving equation (8) for d4T"/dy is
given in columng 27 to 35,

1| 27| 28 29 30 31 32 33
1 |Fig. 4 7 -1 .2 7" -
; 0.20 L2 OO E9- &9 l7.76§£2 2.278x €)
1ey | o L+ ZE-M? T"To| Tg,e-Te
0 |1.00]|0.2535]. 0.00678 | 7.9 758 269.1 9.0
.05! .95| .2530 00463 | 5.3 826 288.8 8.6
10| .90| .2s24 .00350 | 3.9 897 308.7 8.1
.15f .85| .2s520| .00274 | 3.0 967 328.1 7.7
.20| .s0| .2511 00223 | 2.4 1029 346.0 7.3
.25| .75 .25068| .o0185 | 2.0 1067 356.3 6.8
.30| ,70| .2501 00157 | 1.7 1076 358.7 6.4
35| .65| .2495| .00134 | 1.4 1074 359.8 5.9
.40| .60| .2490 00116 | 1.2 1071 360.2 5.5
50| .50 .2478 .00089 .9 1060 364.6 4.6
.60| .20| .2470| .00071 .7 1042 367.6 3.7
.70 .30} .2461 00058 .5 1023 369.3 2.8
.80| .20| .2452 00049 4 999 378.9 1.9
.90| .10| .2443| .00043 A 974 388.3 .9
1,00{0 .2435| .00038 .3 946 395.1 0

é

1
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Columns 35 to 38 comstitute a difference table for 4T "/dy. An
equation similer to eguation (24), but written for T", is solved
for T',,; 1in columms 39 to 44.

1 34 35 36 37 38 39 40
o8 | @ 68D &l o
€ 2 | Iz

J

£ (8 o8| -2
" ay 4\ ay /| 2\ &y /| 8\ ay 2 | 12

0 33.5 312

«05 | 33.5 331 19 <10

«10 | 33.6 350 19 0 =10 0

«15 | 33.7 370 20 +1 +1 -10 0

.20 | 33.8 387 17 -3 4 =9 0

«25 | 33.8 397 10 -7 4 -5 1

.30 | 33.9 399 2 -8 -1 -1 1

«35 | 34.0 400 1 =1 +7 0 9

40 | 34,1 400 0 -1 0 0O 0

«50 | 34.2 403 3 3 +4 -2 0]

«60 | 34.3 406 3 0 =3 -1 0

«70 | 34.5 407 1 -2 -2 =1 0]

+80 | 34.6 415 8 7 +9 -4 -1

.80 | 34.7 424 g 1 -8 =5 0

1.00 | 34.8 430 6 =3 -4 -3 o

é
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1 41 42 43 44 45
_@ 39 + (Fe1 - 7n) @D
24 | @O+
V-t _aarn
24 - AT" " T ay
0 1160 | 0.269
.05 321 16 1144 .289
.10 340 17 1127 311
15 0 360 18 1109 334
.20 0 378 19 1090 .355
.25 0 392 20 1070 371
.30 0 398 20 1050 .380
.35 0 400 20 1030 .388
.40 0 400 20 1010 396
.50 0 401 40 970 415
.60 0 405 40 930 437
.70 0 406 4 889 458
.80 o 411 4a 848 .489
.90 0 419 42 806 .526
1.00 0 427 43 763 564

1199
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Solutlion for Mach nmumber distribution. = Columms 46 to 59 con-

stitute the solution of equation (9) for dMZ/dy.

1 46 47 48 49 50 51 53

52
1 + |Table I|247.7x|(Dend [0.00780 (60 -@8| (1) and|Table I
0,2686X] ' 2. 4 @ fig. 7

7 4D 18
In Dy | Dy Kay | Ip
4] 1.2688) 1.9798| 0.536{0.00440]| 1.773 1.237] 2.20 }1.0834

Ol 1.26592| 2.16268| .5868| .00445| 1.753 1.1687) 2.174| .89586
02| 1.2632| 2.3428( .635| .00450| 1.733 1.098] 2.130| .76158
03| 1.2605] 2.5220| .684| .00455| 1.714 1.030( 2.080| .66047

.04| 1.2579) 2.7045| .735| .00460( 1.696 .961| 2.030| .58025
.05| 1.2552| 2.8872| .785| .00465| 1.677 .892| 2.000| .51628
.08| 1.2525| 3.06685| .834| .00470| 1.660 .826| 1.955 .46516
.07! 1.2498| 3.2630| .888| .00475| 1.642 .754| 1.s20| .41886
.08| 1.2471| 3.4538| .941| .00480| 1.625 .684| 1.880| .38191
08| 1.2444| 3.6454| .994| .00485] 1.608 .614} 1.848| .35029
.10| 1.2417| 3.8545| 1.052| .00490| 1.592 .540( 1.820| .32107
Jl| 1.2391} 4.0462| 1.105| .00495| 1.576 .471| 1.786| .29805
12| 1.2364| 4.2534| 1.163] .00500| 1.560 .397| 1.750| .27652
13| 1.2337| 4.4563| 1.219] .00505| 1.545 .326| 1.718| .zs5812
14| 1.2310| 4.6745| 1.280| .00510| 1.529 .249| 1.e92| .24079
.15| 1.2285| 4.8852| 1.340| .00515| 1.515 .175| 1.661] - .22603

«20( 1.2149| 6.0261| 1,.,664| .,00540] 1.444
25| 1.2015| 7.2632( 2.,020| .00564| 1.383
«301 1.1880| 8.6378] 2.421| .00587) 1.329
35} 1.1746/10.075 | 2.846| ,00610| 1.279
.40} 1.,1612|31.629 | 3.312| ,00631| 1.236
«50| 1,1343115.081 | 4.368| ..00668( 1.168
60| 1.,1074118.945 | 5.588| ,00695; 1l.l22
.70{ 1.,0806[23.173 | 6.977| .00715; 1.081
«80| 1.0537}27.948 | 8.602| .007350; 1.068 7554 .660| .02806
.90} 1.,0269|32,155 |10.,148| .00741| 1.053 9.095 490! .02417
1.00] 1.0000}35,336 |11.471| .007429| 1.041 }=-10.430 254! .02186

.220| 1.531} .16923

.637| l.425; .13255
1,002} 1.325f .10683
1.5687] 1.240| .08842
2.076| 1.170] .07458
3.200| 1.050| .05528
4.466 «940| .04283
5.886 .809| .03434

‘<:E§§§:F?
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1 54 55 56 57 58 59 60
Teble I | Table I |GEIx@D |GAIxED| 6OxE)|69+
4

7 d_y_z Ay Q_ME

~Le Iy dy ay
[} -0.3808 -1.4744 [~0.2914[-0.471 [~3.244 |-4,0086 | °

LOli- 29580 . [=1.1999 |- .2446|~ .345 |-2.609 |-3.199 |0.807
WO02f= 23743 [=1.0483 |= .2110|= .261 [=2.233 |-2.705 | .494
03|~ 19501 |~ .,93091 |- .1856|- ,201 |=-1.936 |=-2.323 | .382
04|~ 16257 |- .83537 |- 1654}~ ,156 | -1.696 |-2.017 | .306
.05(~ 13760 |~ .75735 |- .1492|- ,123 |-1.515 |=-1.787 | .230
06|~ 11832 |- .70133 |- .,1365|- ,098 |-1.371 |-1.506 | .l81
07|= ,10145 |- .63482 |- .1247|- .076 |=-1.219 |-1,420 | .186
,08|= ,08844 |~ .58694 |- .1154|= .060 |=1.103 |-1.278 | .142
08|~ 07766 |- .54525 |- .1074|{- .048 |-1.008 |-1.,183 | ,115
.10|~- .06803 |~ .50606 |~ .0999|=~ .037 |- .921 |-1.058 | .105
Jl|l- 06069 |« 47473 |- .0941|- ,029 |- .848 |- .971 | .087
Jd2(- 05403 |- .,44498 |- ,0885|~ ,021 |-~ .779 |- .889 | .082
Q3| - 04851 |- .41922 |- ,0838|- ,016 |~ .720 |~ .820 | .069
Jd4| = 04347 |~ .39463 |- .0793|~ ,011 |- .668 |- .758 | .062
15| = 03931 |~ 37345 |~ .0755|- .007 |- .620 |~ ,703 | .055
20|~ .02456 |~ .28934 |~ .0601L| .005 |~ .443 |- .498 | .205
.25/~ 01831 |- .23249 |- .0492{ .010 |- .331 |~ ,370 | .128
.30/~ .01122 |- ,19081 |~ .0405| ,.012 |- .253 |- .282 | .088
.35| - .,008084 |~ .18069 |- .0343| ,013 |- ,199 |- .220 | .062
.40| - 005969 |~ .13721 |- ,0295| .012 |- ,161 |- 179 | .041
50| - ,003467 | = .10363 |- .0229| .01l |- .109 |- .121 | .0S8
.60 = ,002163 |- ,081334|- ,0187| .010 |- .076 |- ,085| .036
.70} = ,001429 |- .065825|- 0157 .008 |~ ,053 |~ .061l | .024
.80{ = ,0009737|~ ,054164|~ 0137\ L,007 |- .036 [~ .043 | .01l8
.90| - .0007321| -~ .046866| - ,0127| .007 |~ .023 |~ .029 | .014
1-00 - .0006038 bnd 1042512 - 00123 0006 - coll - .Ol7 0012

W
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Columns 52 to 62 constitute & difference table. Equation (24)
is solved for H2n+1 in columms 63 to 68; the column headings
indicate the required caloulations.

1] et &2 6%9_ 6@ % 66 67 g8 | 63 [ 70
- - - 9)+(E3) (Fn-1-n) Com- |{Trial
b4 : nEBEIEE x(E6) pated
A, QEL @l f1i L2} 45
2 3y |3 &y z 3| " 24 a2 Ml K M
0 0.595610.629|0.629
.01 -0.404 -3.603 |-0.03603 | .3596| .600| .00
~3.535 |- 03567 | .3599
.02{-0.313 - .247/0.026 -2.978 |- .02978 | .3298| .574| .575
-2.936 |- .02933 | .3308

.03}~ ,112} 0,201 |- .19l .009|-0.008| -2.513 02513 | .3048| .552| .553
.02512 3055

.02166 .2838| .S533| .533

g

O4l= 0768| .036 |- 1535| .006|- .002| -2.166

«05{=~ .076 |- .000!- ,11S5| .006; O -1.896 |- .01886 «-2648| .515} .515
O6j= 0491~ 027 |- O091] ,004 L001) =-1.692 |- 01692 <2499 .488] .498
07 005 .054 |- ,093j0 - 002 «1.,515 |- 01515 .2388| .482} .483
08}~ 044 |~ ,049 |~ 071} .004{ .002] ~1.343 |- .01343 «2194( .468| .4869
091 = 027 017 |- .058| 002 |- .001| -1.220 |- .01220 | .2072| .455| .456
«10|- .010] .017 |- .055{ .00l}- .OQ1| ~1,111 |- .01111 WA9E81 ] 443 443
Al|~ 018~ 008~ .044| .002| O -1.013 |- .01013 .1860{( .431| .432
J2|- 005 .013}- .042]0 - 001| - 930 |- .00930 J767| .420] 421
13|~ 013 |- ,008 |~ ,035| .00L] O - 854 (- .00854 16682 410 411
Jd4) - 007 006 |- 03| .00L] O - 788 |- .00788 1603 .400] .401
15|~ 007 000 |- .028|0 0 = .730 |- .00730 1530| .391| .392
«20|= 150 224~ .103] .013(- .00} - 597 |- .02985 1232 .35l .352
225} ~= 077 073|- .084| .008|~ 003 = 431 {=- .02155 «Jd017! .319| 320
«30| = .040 037 |~ ,044| .003|- .002| - .385 [~ .01l625 .0855| .292| .293
35| = 026 .014|- ,031] .002{~- .001| - .250 |- .01250 O730] .272| 271
40|~ .021 .005]=- 0211 .002| O - 188 |~ .00990 .0631| .252| .252
50| = 045 068 |- ,029| ,004}~ .003] = 149 |~ .01490 .0482| .220| 221
«60| - 022 .023 |- 018 .002{- .001| = .102 |- 0102 -.0380] ,185] .197
«70{~ 012 010(- .012] 001} O - .072 |- 0072 .0308| 175} .178
«80]~ 0086 006~ 009! .000| O - 050 |- .00S0 .0258| .161| .l62
90| = 004 .002 - .007{0 0 - 036 |- .0036 .0222| .149] .15
1.00|~ 002 .002 |- 005]0 o - 023 |- .0023 L0199| J41) 144
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When the differentlal equations for the flow in the blade coolent
paasages have been solved for the total temperature and the Mach num~
ber distributions, the pressures and the velocitles can readlly be
found from equetions (18) and (17), respectively., The computational
schedule—for obtalning the static-pressure and veloclty distributlons
of the cooling air slong the hlade coolant passage is as follows:

1 71 72 73 74 75
From | From 2 From 0.000194
& | @ 1 + 0.185@D)% g, 3 -

y

' 71 32 A

M " 1+5=H A 3

) 0.629 | 1160 1.0732 0.000194 | 1.000
.05 | .515 | 1144 1.0491 .000215 .9023
.10 443 | 1127 1.0363 .000236 .8220
.15 2391 | 1109 1.0284 000259 7490
.20 .351 | 1090 1.0229 .000281 .6904
.25 319 | 1070 1.0189 .000303 .6403
30 292 | 1050 1.0159 .000324 .5988
.35 .272 | 1030 1.0137 .000346 .5607
.40 .252 | 1010 1.0118 000387 .5286
.50 220 970 1.0080 .000409 AT743
.60 195 | 930 1.0072 .000451 4302
.70 JA75| 889 1.0059 .000491 3951
.80 J61 | 848 1.0049 .000530 3660
.90 149 | 808 1.0042 .000562 3452

1.00 J41 | 763 1.0038 .000590 .3288
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1 76 77 78 79 80 81
0.629| | @2 1.0732 ST IE)
@ | Y11eo @
-] 2
¥ 1+ Zﬁf-mw
-l .2
M/ | AT |1+ B M o/pp W/
0 1.000| 1.0000 1.000 1.000 1.000 1.000
05| 1,221 L9931 1.023 1.011 1.106 .8223
.10 | 1.420( .o856 1.036 1.018 1.171 .7066
15[ 1,609 .9778 1.044 1.022 1.204 .6211
20| 1.792| .9694 1.049 1.024 1.228 .5539
25| 1.972] .9604 1.053 1.026 1.244 4997
30| 2.154| .9514 1.057 1.028 1.261 4541
35| 2.313|  .9422 1.059 1.029 1.257 4192
40| 2.496| 9331 1.061 1.030 1.268 3851
50| 2.859| .9144|  1.064 1.032 1.280 3301
.60 | 3,226 .8954 1.066 1.032 1.282 .2864
70| 3.594|  .8754 1.067 1.033 1.284 2516
.80| 3.907 .8550 1.088 1.033 1.263 2261
.90 | 4,221 .8335 1.069 1.034 1.256 2042
1.00( 4.461( .8110 1.069 1.034 1.230 .1880

The variatlions in static pressure, tobal temperature, Mach
number, and veloclty of the coolent from the tlp to the root of the
blade cocolant passage, a8 obtalned in the numerlcal example, are
presented in figure 7.

APPROXTMATE CLOSED-FORM SOLUTION OF ENERGY EQUATION

In the preceding schedule of computations, 45 colmums are used
to calculate the tempersture distributlions ard 25 to compute the Mach
nutbers along the passege. Of the first 45 columns, 38 conld be
eliminated 1f average velues of the coefficients in equation (8) |,
could be used so as to meke possible & closed-form solubtion. This
simplification will accordingly be mede and the results will be
compared with thoge Just obtained.
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Tnspection shows that the energy equation (8) can be reduced
to the form of a llnear equation of the first degree with constant
coefficients by the following simplifications:

1198

1. Neglect the term (1-A) Iz, which is usually lese than
2 percent of unity. :

2. Use mean constent values for the coefficients of Tg o, T"
and 1 -3, end for the last term.

DUnder these conditions the solution of eaquation (8) is (appen-
dix B)

K -K
T"=KeK1y+K2y+K3-Klely T ooe X ay  (39)

where

K = b _Hozwzo
¥ Cp (1+N)

_ bwd w _(1+X)

T A

gy - S QR () OO
Jely wilo Jgﬁ'o’wz-fo

‘and where XK is the integration constant.

If Tge in equation (39) can also be replaced by a constant
mesn value, the last term simplifies to Tg o so that eguation (39)
can be written (appendix B)

Ky
T" = Ke + Kpy + Kz + Tg o (40)
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If the total temperature of the cooling air at the tip is known,
the value of the constent of integretion i1s determined by meking the
substlitutions

1t "
T =7 b
and.
¥y=0
in equetion (40). Thus,
] il P
K=TT-K3-TS,E . (41)

A numerical example employing equation (40) is presented in
appendix G. A method of caloulating Tg e from the temperature at

‘the combustion-chamber exit i1s glven in éppendix H.

The approximste cooling-alr total«btemperature distribution may
be determined Independently of the momentum equation by means of
essumptions 1 and 2. (See appendix I.) These assumptions lead to
equation (39). The a2ddibtional sssumption that Tg,e 18 constant
leads to eguation (40). In addition, the constant K may be eval-
usted at either the root or the tip of the blade coolant passage
(eppendix B), depending on the locatlon of the known conditions.

COMPARISON OF SOLUTIONS AND DETERMINATTON
OF BILADE-METAT, TEMPERATURES

Three solutions heve been presented for the energy equation (8},
whereas only an open~form solution has been presented for the momentum
equation (9). A discussion of the three solutions for the energy
equetion as applied to the mumerical example follows:

Solution A. - The energy equation (8) was solved mumerically
and simitsnecusly with the momentum equation to obbtsin the dis=-
tribution of T" along the blade coclant passege. When such a
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solutlon was employed in the numeriocal example, the following par-
ameters, which depend on the blade geometry, were allowed to vary
with y: A, Dy, 1, and Lp, as specified by figures 3(a), 3(b),
3{(c), and 3(d), respectively. In addition, the distributions of
W/Wg end Tg,e Specified in figures 3(f) end 3(g) were assumed.
The variation of °p wlth temperature was also taken into account.
Solution B. - A sclutlion for the energy egquation in which all
the parameters dependent on the geometry of the blede were assumed
constant and equal to the respective values at midspen (y = 0.5) is
presented in equation (39). An average value of W/Wg wasg employed
and the heat~transfer coefficients were evaluasted at an assumed
average blade-metal temperature, which was later checked. The varia-
tion in Tg o along the span as specified in figure 3(g) was used

Solution C. - The energy equation mey be solved with equa-
tion (40) by assuming all parameters, including Tg,e: constant and
equel to thelr respectlve mean values. For the purpose of comperlng
results with the numerical example of this report, the Integrated
meen value Tg e = 1967° R given in figure 3(g) wes used.

Comparlson of Three Methods of Solution

Solutions of the energy equatlion in the three forms (equa-
tions (8), (39), and (40)) were calculated by using the values of
the parsmeters listed for the mumericel example. Errors in the
calculetion of the cooling-alr total temperature obtailned by com-
pering solutions A, B, end C are presented in figure 8(a). The
three distributions agree reasonsbly well, although average values
of certein parameters were employed 1n sclutions B end C. The max-
imum deviations from the values of T" obtained from solution A are
as follows:

Sclution v Deviation of T"

(percent)
B 0.8 l.6
c 1.0 2.3

For solution C, the values of T" agree closely with the values
obtelned from solution A except near the root of the blade. Inssmmch

1199
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as T" affects the values of M, p, andi W, further comparisons
will be made employing solution C, in which the largest deviation in
T" occurred.

Variations in M, p, T", and W obtained from solution A and
equations (9), (16), a.nd (17) are shown in figure 7. Similar computa-
tions were made for solution C; these compubtations agreed guite
closely with the values In figure 7. Figure 8 shows the percentage
errors due to the use of the simplified energy eguetion in solution C.
The maximim percentage devlations in two ratios between solution A
and solution C are

Retio g Deviation
(percent)

?/Dp 0.5 2.1

M/Mn, .5 1.5

The maxlmum errors are thus approximately 2 percent.

Blade-Metal Temperature Distribution

The blade-metal temperature distribution obtalned from solu'bicn A
is presented in figure 9. For comparison, plots of '.I.‘s and T"
are shown in the same figure. No attempt was made o account for the
effect on Tp of heat conduction to the rim, but the region of appre-
cigble influence is ipdicated. Also shown in figure 9 are two approx-
imate distributions of the blmde temperature obtained from the equation

AT + T"

et -

In one of these plots of Ty, & constant mean value of R was used.

Tn the second of these plots, A was considered to vary only with'
the change in geometric configuration of the blade along the span
and is glven by the followling equation:

A= (43)

Sy
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In both casem, the values of T" obtained from solution C and the
velues of Tg o shown in flgure 9 were used.

In the case of & constent mean value for A, +the agreement in
Ty with solution A 1es rather poor near the tip of the blade. At the

tip of the blade, the constant value of A caused & deviation in Ty
of 9 percent from the value obtained from solution A; the maximm
value of Tp deviated from the meximim velue of Ty from solution A
by 4 percent.

In the case of & variable A, rather close agreement was
obtalned between the approximate value of Tp &and the value
obtained 1n solution A. At the maxjmum values of T, the devia-
tion for & varisble A 1s 1 percent.

Conclusions Based on Numerical Example

The numerical example presented suggests the following conclu-
sions:

1. Solution C may be employed with reesonsble accuracy in the
computation of the distributions of T", M, W, and p in the blade
coolant passage. : SRR : :

2. Solution A should be employed for a close distribution of Ty
along the blade cooclant passage.

3. In order to estimate values of Ty, solution C may be

employed in conjunotion with & velue of A that 1s allowed to vary
according to the variastion in hlade geometry.

The numerlcal example chosen 1s rather an extreme cese in that
the flow-area varlation was about 300 percent along the coolant pas-
sage; this value is larger than likely for a practical cooled blade.
In most cases, the variations slong the span would be less than for
this example and the differences between the approximste curves
(obtained by using constant mean values)and the more exact curves
(obbained by using velues that are allowed to vary along the span)
would therefore be smaeller.

Effect of Errors in Friction and Heat-Transfer Coefficlents

The use of mean constant values for the coefficients of the
veriables T and ¥y 3in the working equation (8) has previously
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been shown to0 produnoce only smell varistions from the values of the
pressure and velocity ratlos obtalined by teking all variastions along
the span into sccount.

The effect of changes in the velues of these constants on the
computed pressure ratic has been studied by means of additionel
unpublished caleunlatlons for constant flow srea; the changes due to
the obther faotors could thus be evaluated.

Under these oonditions, the influence of the friction coeffi-
cient (appendix J) was found to depend markedly on the Mach number
at the tip. For exeample, in one case for which the exi% Mach number
was approximately O.4, & chenge of 30 percent in the friction coeffi-
clent produced & change of only 8.0 percent in the pressure ratio

Ppe At an exit Mach mumber of approximately 0.8, an 8-percent
change in the frictlon coefficient produced a change in the pressure
ratio of sbout 17 percent. The pressure ratio is thus zbout six
times as sensitive to varlations 1In the friction coefficlent at a
Mach number of 0.8 as &t a Mach number of 0O.4.

The effects of variatlon in Mach munmber on the heat-transfer
coefficlent are the reverse of those noted for the friction coeffi-
client; that 1s, at the low Mach numbers, changes in the heat-transfer
coefficlent have & greater relative influence on the pressure ratio

"+than at the high Mach numbers., Because changes in the heat-transfer
rate produce changes in hoth the energy end momentum eguations, the
heat~transfer rate affects the temperature dilstribution.

The' egquations were recomputed for an exlt Mach mumber of 0.4
with the inside heat-transfer coefficient changed 10 percent. A
change in pressure ratio of 0.4 percent was cbtalned. The pressure
retio 1s thus fairly insenslbtlve to chenges in the heat-transfer
coefficlent, In a hollow blaje without fins, varlations in the heat-
transfer coefficient would be slightly more iInfluential; a 10-percent
change in the heat~btransfer coefficlent would effect a change in the
pressure ratlo of 0.9 percent.

SUMMARY AND CORCLUSIONS

The effects of area change, wall friction, heat transfer, and
rotation on the air flow in the coolant passage of a hollow turbine
blade were investigated. Speclal forms of the differentlal equatlons
for the conservetion of energy and momentum were derived from the
equation of state, the contimity equation, and the general forms
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of the energy and momentum equations. The differential energy equa-

tilon was developed In terms of the coolant total tempersature and the

peasage locatlon; the differentiel momentum equation was developed in
terms of the coolant Mach nmumber and the passage location.

A numerlcal method wes devised for solving these two differen-
tlal equations simlteneously under the general conditions that all
the coefficlents in the equations could be arbitrarily varied along
the coolant pessage; the method also permite verying the combustion-
gas effective temperature and relative veloclty at the entrance to
the rotor. Equatlions were derived for calculating the statlc pres-
sure and the relative velocity of the coclant directly from the solu~
tions of the differential equations.

A simplifiled solution of the energy equetion was obtained in
which meen constant values were used for the coefficlents of the
varlables T end ¥y ao tha:b the solutlon conld be given in a
simple closed form.

Tables of the pertinent Mech nmmber functions previously pub-
lighed were extended so as to include 21l the required functions of
Mach mumber, & smaller interval in Mach number, and values of the
ratio of specific heats equal to 1.37 and 1,.40.

Numerical examples were solved by use of both the general solu-
tion of the differential eguations and a solutlon using the slmplified
solution of the energy equation. Plots of the results cbtained for
an example solved by the two methods indicete that the simplifiled
solution results in distributions of the Mach number, statio
pressure, total temperature, velocity relative to the blade,
static pressure of the coolant that are within 2 percent of 'bhe
values obtained from the more rigorous general solutlion.

The most precise velues of the blade-metal temperature distribu-
tion were obtained from the general solution, which requires the
similtaneous mmerical solution of -the &ifferential equations for
the conservation of energy and momentum. The blade-metal temperature
distribution may be estimated by using the simplified solution of
the energy equation. In thila case, the ratio of the outside to the
fnside heat-transfer coefficlent was varied according to the varia-
tions in the geometrical configuration only when used in the relation
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for the blede-metal temperature. The combustlion-gas effectlive tem-
perabure distribution was alsc used in the relation for the blade-
metal temperature.

Lewis Flight Propulsion Leboratory,
National Advisory Committee for Aerona.utics,
Cleveland, Ohlo.
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APPENDIX A
SIMBOLS

Blade sketoches and configurations are shown in figure 1 with the
pertinent symbols indlcated.

When Cps M, p;, Re, T, 7, u, and o appear without sub-
geripts, the fluid inside the passage ls referred to. The subsoript
g 18 employed to deaignate the combustion gas flowing ocutside the
blaede.

The following symbols are used in thils report:

A . flow area, sq £t

Ap cross-gectional area of blade, aq ft

a velocity of sound, ft/sec

b blede length or spen, Tt

°p gpecific heat st constant pressure, Btu/(1b)(°F)
Dy hydramlic dismeter, :e :ﬁs ;-'Il‘ge arsa,

dDep friction differential pressure drop, lb/sq ft
Py, generalized body force, 1b/(1b coolant)

if friction coefficient

G geometry faotor

Gy Grashof number, bspaﬁ(coz:) (T-Te)

gtendard acceleration of gravity, ft/sec®

E convection heat-transfer coefficient, Btu/(sec)
(sq £)(°F)
Iy influence ocoefficient for term Involving rete of

ares chenge (equation (12))

4
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45
function of Mach mumber and ratic of apecific heats
(equation (18))

Influence coefficlent for term involving frioction
(equation (13))

influence coefficient for term involving rotabion
(equation (11))

infinence coefficient for term involving rate of
temperature change (equation (14))

influence coefficlent for effective temperature
correction {equation (10))

mechanical eguivalent of heet, ft-1b/Btu
constants
thermal conductivity, Btu/(sec)(£t)(°F)

mean half-width of fins in blede coolant passage, £t
(See f£ig. 1(d).)

perineter, £t
Mach number relestive to blade, ¥W/a

distance between adjacent fins in blade cooclant
pagsage, £t (See fig. 1(d).)

rotatlve speed, rps

Nusselt number, HDy/k

Prandtl number, opug/k

statlic pressure, 1b/sq £t absolute

total pressure with respect to rpteting passage,
1b/sq £%

heat added to coolant, Btu/(lb coclant)

gas consbant, £t-1b/(1b)(°R)
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Re Reynolds mmber, DyW/p

r radius, ft

T static temperature, °R

i totael temperature with respect to rotating passsge,
OR

u . blade speed, ft/sec

gbsolute velocity, ft/sec
W veloclity relative to rotating pessage, ﬂ'./sec
Vg veloclty of combustion gas relative to blade at
entrance to roteting blades, ft/sec (See
fig. 2(b).)
W coolant weight flow per blade, lb/sec

x fraction of cutsglde hlade perimeter having laminar
boundary layer

nondimensional coordinate (ry+b-r}/p

& © stator-blade exit engle measured from tengentlsel
direction, deg (See fig. 2(b).)

B thermal coefficient of volume expansion at constant
pressure, °R"%, o E.(%P_Z_

v4 retio of epecific heats

Ay 80,43 first, second, and third differences when employed

with a varisble

A sA 24 first, second, and third differences for redunced
1,r?72,r?%35,r inte
Holo+tH4 1
¢ heet-transfer parameter, (r-ry) i Al o 3
kphp

n stator efficlency

1199
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e temperature-ratio factor
A recovery coefficient
A ratio, (Eozo)/(ﬂizi)_
T viscosity, slugs/(£t)(sec)
p mass density, slugs/cu £t
T thickness of fins in blade coolant passage, It
(See fig. 1(d).)
@ heat-transfer parameter, (2H;)/(kgT), et
© engular velocity, rediens/sec
Subscripts:
av average
B blade (with T denotes average at radiume in question)
e effectlive
ex stator exit
hig finsg
combustion gas
entrance to blade coolant passege (sometimes blede
root)
1 inside of blade
id ideal
in stetor inlet
n any number
o cutaide of blade

r reduced slze



48 NACA RM ESOEO4

T t1ip of blade

u tangentlel

vK von Kdrmén

W gas properties based om wall temperatures
0,3,1,2, . . . 0 stations in coolent passage

Reference or meen veluee of any quantity are designated by & bar.
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APFERDIX B
DERIVATION OF ENERGY EQUATION

The generel form of the energy equation is (reference 2)

aq+I‘bd—J?-=cde‘+dg% (3)

Ir & rotating pessage, Fy, 1is the centrifugal force on the fluid so
that

ar = ‘ﬁré.d.&‘. (44)

Fy
The total temperature of the cocling alr may be defined as

" =T 4+

o (8)

which when differentlated and mmitiplied by Cp ylelds

2
cpd.T"=cpdT+d.§-g3 (£5)

Now

(T = To) Hyly dr
w

dg = (46)

and the heat entering the ocutside blade surface from the hot gas
eguels the heat flowing into the cooling air through the inside
blade surface so that
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Eo,wlo(Tg,e = Tp) = Ey23(Tp - T,) (47)

If A is defined as

= M (48)
Hyly
equation (47) becomes
T
7y = nigee * Te (472)
1+ A

The substitution of equation (47a) into eqguation (46) results in

A (Tg,e - Te) Hily dr

=.'L+7\ w (49)

aq

Substitution of equations (44), (45), (48), and (49) into equation (3)
and division of the resulting equation by cpdr results in the

expresslon

an® _ «Fr Ho,wlo

T = oyt T+ Mo Cepe = Te) (50)
The recovery coefficlent is defined as
Te - T

= (51)
M =T



66TT

NACA RM ESOE04 51

from which

Te = Ay T" + (L - A3) T (52)

The temperature T in equation (52) may be replaced by its equivalent

z (53)
T = 53
1+ Zélnz
so that after algebraic menipuletion eguation (52) becomes
-1

1+ M L=wR

T = T" 12 (54)
1+ 7—;— M2

Addition end subtraction of (1 - A.l)y—;}- M2 +to the mmmerastor of equa-
tion (54) results in the following reletion bebtween T, and T":

r=1 2
T, o= T (1 - (1-4) —Ee (55)
1+5=M2
The replacement of
7oL w2
TIp e = —lmmr— (s6)
€1 L2
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in equation (55) and the substitution of the seme equstion into equa-
tion (51) results in the following form of the energy equation:

am" o Ho . wl . '
& C &T:p * '(ﬂﬂ;c%{fg,e - T l:l - (1 -4y) I’I‘,eﬂ (57)

It is comvenient to replace r by the nondimensionsl quantity
¥y defined as

r=r+ (L-3)b (58)
from which .
dr = -b 4y (59)

The introduction of equations (58) and (59) into equation (57) results
In the working form of the energy equation

ar” bH,, wlo R R _ by
el m{% i a ~4) IT,e]} " Jaop )7 Taor

(8)

Cloged~form solution of energy equetion with Tg,e a8 function

of ¥. - In many ceses, Ai can be agsumed equel to unity in equa=~
tion (8) without introducing & sizesble error in the resulting T"
distribution. If mean values are then chosen for the coefficients,
equation (8) may be written in the following form:

o Moulo gu pRR PR Howle , o PwE
ay . wEP(l+X) J g0y Jgo, wgp(l+X) ? J g'c?p
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where Tg,e 18 & known function of y. Equetion (60) is a first-

order 1inea.r differential equation with constant coefflolents snd
its solution is given by (reference 17, p. 50)

I_I
H
(<]
(<o}
f b, Toly f
" wcp(l+70 wcp(l-l-?\) bzwz bzmz 'brh(xi2
J’gop chp chp
...2:“_ Tg,e| 47 + K (e1)
wcp(1+'X)
where K 1s the constant of integration. The integration of equa-
tion (61l) results in
Ky By 7 K7
. T"=Kel +KBpy+Kzg-Kel [ Tgoe © & (39)
0
where
bE, 2,
K = o 62
1" S (Iv (e2)

K = - bolw(1eN) (63)
JegHo,wlo

JgHQ’wzo J Eﬁo,wzioz
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The integration constant K mey be determined from the boundary
conditions at either end of the blade coolant passage. At the blade
+1p, -

y=0
and
T"=TT"

The substitution of these values into equation (39) yields the follow-
ing value for the integration constant:

K=1" -Kg (65)
At the blade root
Fy=1
and
" o= T"h

so thet the subatitution of these values into equation (39) results
in the followlng value of the integration constant:

1
=K K
K=e 1<T"h-K2-K3)+K:}_f Tge® T &7 (652)
0

Closed~form solutlon of energy equation when Tg.e 18 agsumed
constant. = In addition to the assumption that the persmeters are

21199 .
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constent and equal +to a mean velue in equation (80), an unweighted

integrated mean value of Tg e (fig. 3(g)) may be employed. Equa-
tion (39) then becomes

" Ky . —
T" = Ke'1¥ + Kpy + Kz + Tg o (40)

As In the previcus sectlon, the value of the constant K may be

evalusted &t eilther end of the blade coolant passage. When the value
of T'p is known (¥ = 0)

" —
K=T"g -Kz -Tg ¢ (41)

and when the value of T", is known (y = 1)

K=eHl (T"h -Kp - Kz - :Fg,e) (412)
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APPERDIX ©
DERIVATTON OF MOMENTUM EQUATION

‘.l'.‘l)le general form of the momentum eguation is (reference 11,
p. 117 '

dp
ép _ W aw fr _
g T ATt g =0 (4)

The infinlteslimel pressure drop due to friction 1s
dpa., = AEOWE 66
Prr = 55— O (e8)

In a rotating passage, Fp I1s the centrifugal force as before so that

F, dr = “’szr (44)

The substitution of equations (66) and (44) into equation (4) results
in the followling form of the momentum equation:

QF.)E-erar+waW+2Lg2£r_=o (67)
: b

From the definltlion of Mach mmber,
W2 = MPe?

= Mz‘)'gRI . (e8)
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When equations (1) and (68) are combined

oW = ypM2 (69)
and
o = 788 (70)
w2

The substitution of the expression for p (egquation (70)) into equa-
tion (87) yields

2
ap _ M 2 ap  2C o ZME AR A o
P we W2 z Dy

oxr

ap , y M2 a(w?) 7 M2 farar _Prar) _ (71)

P 2 wz 2 Dh wz /2

This result agrees with equation (9) of reference 1. For a numerical
solution, eguation (71) mmst be trensformed into an eguation similar
to equation (19) of reference 1, in which the only unknown quantity
is M2. This egunatlion can then be solved for M2 or M; pressures,
velocities, densitles, and so forth at any point along the passage
can then be found by meesns of eguatlons (21) to (26) of reference 1,

In order to meke the transformation of equation (71}, eque~-
tion (1) is writbten in the form

loge P = loge P + 108 8 + 108s R + loge T (72)
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end dlfferentiated so as to result in

gf-=%‘-’-+%£- (73)

A similer operation on equation (2) ylelds

deo , AW |, dA
O = %L, dW , dA 74
+F g (74)

QII,P.=Q..-‘11‘--‘1—‘* (75)

) a(w?) _ amM® %T_ (76)

oxr

Finally,

=|&
]
:z[g
+
N
e

(77)
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The substitution of the eguations (75) to (77) into eguetion (72)
yields

ar _aM _ 14T _ga 7y M? cmz + & +7nzc=far (uzrd.r) 0

T M 2 T A 2 Dh WZ/Z
(78)
or
g_I_(I_L_ 2 d nz srar  Prar)_ oM, da_ 7 ME aME (g
T \2 Dh WZ/Z M A 2 MZ
The relstion between the totel and static temperature is
n Y=l .2
2wz (14 L o) (80)
which when logarithmically differentieted results in
7=1 2
ar _arn __2 " QMEZ_ (a1)
"
T T 1+ -——7;]' M2 M

The substitution of the value of 4T/T from equation (81) into
equation (79) ylelds

-] 2
mg=(1+m2)(1+%na)@:+m ( +LM2 4f6‘.r _ «Prar
2 (1 - M2) " (1 - M2) w2/2
z(1+1é'in2 '%

(1 -M2) A

(82)
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If in equation (69) both sides are mltiplied by 1/2 and the
value of T 1is replaced by its equivalent from equation (80), the
following reletion results:

[9;]
[o2]
P ygRL" M2 !
L 2 (83)
T
The substitution of the value of W2/2 fram equation (83) into
equation (82) yields the following results when both eldes ere mul-
tiplied by M2 s @8 1in reference 7.
M2 (L + 2)(1 + L2 a3 .,
a2 = Z az” |
"
(1 - M2) T
N 2) _ N 2)_‘ L
m4(1+7—-zu 4fd_r-2w2rd.r 1+L-2M i )
1 - M) Dn 7gRE" M J | o

2 =l 2
21«{(1+2M)(,1A

aa 84
o o) = (84)

In order to convert r +o0 & dimensionless quantity, 1t is con-
venlent to substitute

r=r,+ (1-y)b (58)

into egnetion (84). The incorporation of this substitution into
equation (84) results in the final form of the working equation
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af Trart o lem m2mpLop p\|,al
dy  T" ay flp, T" @R Ty Ty iy A
where
l+%:I‘M2
Ts =
R >
zu?(? + Zglfgiz
I, = -
A 1 - M2
Loy=l z)
If=m4(l+ 3 M
1 - M2

Mé(l + 71'!2)(]: + 7—'2']—'112)
) 1 - M

Ig

ag in reference 7. The velues of I, Ip, Ip, and Iy may be
determined as functions of M and 7 from table T.

(11)

(12)

(13)

(14)
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APPENDIX D
DERIVATION OF FOEMULA FOR TIP MACH NUMBER

The value of the Mach number at the ccoolant-passage exit is
determined from the contimmlty equation (2) written in the form:

W2 = AZW2o2gR (85)
and the definltion of the Mach number

W (e6)

B2 evmm———

7gRT

The eliminetion of We from equations (85) and (86) results in

2

2 _
w = AZpZgSyRT (&7)

The value of ¢ from equation (1) 1s then introduced into egua-
tion (87) so that

W2 = ;21@2 (88)
22gyp

Finelly, the value of T from equation (80) is introdmced into
equation (88) with the result that

I, = mz(l 2 142) - “’:m'; (18)
A”gp

The vaiune of the tip Mach mumber corresponding to the right side of
equation (18) can be determined from table I.

1199
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. APPERDIX E
OUISIDE HEAT-TRANSFER COEFFICIENT

A limited amount of daba exlsts on the oubtside heat-transfer
coefficients for impulse turbine blades. A series of Investigations
wag therefore conducted with hot air (300° F) flowing across cooled
blades. The blades were of the symmetricel impulise type arranged in
& stralght static cascede.

Theory indicates (reference 18) that in order 4o correlate heat-
transfer date the temperature ratio Tp/T must be inclnded as one of
the dimensionless paremeters with Nu, Re, eand Pr. The previously
mentlioned experimental date were found to correlate on the basis of
the wall temperature; equation (3) is the relation recommended from
the data. The data, which included the range 2 x 10% < Re < 10° s
may not apply under conditions differing widely from those inves-
tigated.

0.53 1/3
W,
E[_og;;__:_ Pny0 . 0,75 (28w ¥ePhio (. Pry (30)
8>W I'LS:V \

In equation (30), the fluid properties are based on Ty, the
value of whick muat be assumed in order to iniltlate the compubtations.
The veloclty Wg and the density pg,yw are determined at the rotor

entrance. The value of Ws is obtained from equation (102) and the
value of Pg,w 18 obtained from the relation

ps,v T — (31)

The value of Dh,o ntilized in equation (30) is the outside perim-
eter of the blade divided by =n. The variatlon of Pox along the

blede is neglected because it is small compered with the variation
of T ‘
B.
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APPENDIX F
IRSIDE HEAT-TRANSFER COEFFICIENT

No date exlst for the correletion of the heat~transfer coef-
ficient on the inside of rotating turbine blades. The prediction of
the Inside heeat-transfer coefficients must therefore be accomplished
by the modification of correlations for heat tramnsfer in pipes.

Like the friction coefficlent, the inside heat-tranafer coef-
flolent is a function of the distance from the entrance to the
passege in the reglon of nonstabilized flow. Variations of the
coalant-passage inside heat-transfer oceffioient, however, affect
the Mach number distribution as calculated from equation ($) mmch
less than f3; +the varistlons of the insgide heat-transfer coefflclent
due to entrance effects are therefore neglected herein.

The dimensionless anelyslis of the lnside heat~transfer coeffi-
clent for foroced convectlon Indicates that the Nusselt and Grashof
numbers, among other dimensionless numbers, are related. The Grashof
nmuber is defined as

_ b508(efr) (Tp-T,)

W2

Gr

Because the acceleration w2r appears in Gr, this dimensionless
parameter mey prove to have a significant effect on the inslde heat-
transfer coefficlent for a rotating passage. In statlionary pas-
seges, the effect of Gr on Nu 1s neglected where the acceleration
is g. In the rotating passage, however, the acceleratlon wir 1s
from 10,000 to 50,000 g. No reliable correlations of the inside
heat-tranafer coefficient for forced convection thet Include Gr
exist, The effect of Gr on the inside heat-transfer ccefficlent

18 therefore neglected herein. In the numericel example, a mumerlcal
egtimate indicated that the free convectlon alrspeeds assoclated with
the Grashof mumber effects are less than 10 percent of those asso-
ciated with the Reynolds number.

In veference 11 (p. 168) the following relation is ﬁresented
for the flow of flulds in pipes:

Nu = 0.023 (Re)0+8 (pr)0-% (89)

= A
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Equation (8%) results in reasonably accurate values of +the inside
heat~transfer coefficients for heat-exchange equipment when the fluild
properties in the dimensionless mumbers are evaluated at the flnid
gbatlic temperature. In such equipment, the fluid veloclty and the
difference between the fluld static temperature and the wall tempera-
ture are usually small, If this temperature difference and the fluid
velocity are large, as in aircraft heat exchangers or blade coolant
pessages, the constants 0.8 and 0.023 in equation (89) have new values
and a different value for each wall tempersture or each -temperature
difference. In reference 13, a satisfactory correlation for a range
of wall temperatures and a corresponding range of temperature differ-
ences 1s found to exist when equation (83) is employed if all the
fluld propertles exoept W are besed on the wall temperature. In
addltion, 1t 1s polnted ocut in reference 13 that the Prandtl number
affects the correlatlion to such a small extent that Pr may be neg-
lected in the correlastion. The following relatlon is therefore
recommended for a ges flowing Inside & passage at a high veloclty
with & high temperature difference between the effective gas tempera-
ture and the wall temperature (reference 13):

' 0.8
Hi—a-—]:fbh = 0,019 (———p"'u:Dh> . (35)

For the present purpose, an equlvalent form of egquation (35)
suggested by an aunthor of reference 13 will be used.

0.8
H_i.:E_“D_h. = 0.019 <§ Du_:' (90)

Tf ko T0-8, eguations (35) and (90) will be the same., They will
be approximately the same over & moderate temperature range if the
exponent of T 1s between 0.7 and 0.9.

For a fimmed blade (fig. 1(&)), E;  determined from equa-
tion (35) is based on the total heat-transfer surface (Including
the fins) eand the temperature difference between T, and the
average of the fin temperature and the blade temperature Tg. For

application in the energy equation (8), it 1s convenient to define
for a finned blade an inside heat-transfer coefficient Hp, whilch
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is baged on the heat~transfer ares of the equivelent hollow blade
(fig. 1(b)) end the temperature difference (Tg - T,). In refer-

ence 14, a relation is developed between By, and He for fins

on the outside surface of & cilrcular oylinder. If in this relation
the radius of the oylinder l1s taken equal to infinity

Ef-Hi"’ (2 ta.nhtpo-[-nD (36)

m+ T @

When finned blades are belng analyzed, H; 18 replaced by He 1in
the energy equation (8).

The division of equation (90) by equation (90) written in terms
of reference values ylelds

B, =<5.3;>°°2 b\
Ei,w Dy Hyw

In order to reduce this equation to geometry and temperature
fectors, the following relatiens are substituted into equation (91):

(s1)

Gl ] Ly
Ll |

ry m \0.7
v (T (s2)
by \TB
E f"
bh Kl (94)
D, Als
. 4 X area
Bquation (94) 1s obtained from the definition of Dy = <m

1p 1is the total wetted perimeter of walls and fins.

)
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The substitution ylelds

-

Bi,w

Substitution of equation (95) into eguations (36) and (36)

) EE

written for reference values ylelds

e

2 tanh @ Ly

Ti -i.i A Tf ']-3-" TB 2 banh C-P. f-f
I o emeem——

®

The relstion for @ in terms of reference values ls

end from eguations (95) and (26)

NG

67

(95}

(37)

(98)

(38)
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APPENDIX G
NUMERICAL EXAMPLE USING MEAN VALUES FOR PARAMETERS

For many purposes & closed-form sclution of the energy equatlon
utilizing mean values for all parameters may be employed in the
determination of the flow cheracteristics of the cooling alr in
blade coolent passagee. In this appendix a mumerloal example Is
pregented in which all the blade dimensions required in the computa-
tions are those at the midpoint of the blade (y = 0.5) and an
integrated mean value of '.I'g,e 1s employed. The data regulred are

the same as presented in the sectlon Assumed Conditions for Numerical
Example. In the preceding numerical exemple, reference values for
Ho,wlo @nd A were computed based on

1199

T" = 900° R
Ty = 1300° R
snd the blade dimensions st midspan, which are
By wlo = 0.01162

A=1,296

These reference values may be used as & first approximation for the
solution of the energy equation written in the form of equation (40).
The constants for equation (40) are

K .=b§°ﬁi° - (0.3)(0.01162)
17w 5p(14%)  (0.01689)(0.246) (2.296)

= 0.365
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_ bePu(1en) _ _ (0.3)(796)2(0.01689) (2.296)

Kp = D
2 &5, wlo (32.17) (778) (0.01162)

= = 25.3

66TT

_ @Pw(147) (bery) i o uPv (14R)8

Kz kAot —
EIHO’VZO §THo,w 202

- (796)2(0.01689) (2.296) (0.3 + 1.117) _ 0.246(796)2(0.01689)2(2.296)3
(32 .17) (778) (0.01162) (32 .17) (778) (0.01162)2

= 50.4
K="27% -Kz - Ts,e = 1160 - 50,4 = 1987 = - 857.4

The trial form of equatlion (40) employing the velues of the con-
- gtants Just computed is

7" - - 857.4 ¢0+365 _ 25,3 v + 50.4 + 1967 (97)
The value
T" = 9768° R

results when y = 0.5 1s substituted into equation (97) and the
corresponiing value of T is

p— e §
AT+ T (1.206)(1967) + 976

= 1535° R
I+ A 2.296

EB=
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Tnesmich as the agsumed temperatures T=W and 'fB do not agree
with the computed temperatures, the values of Hb wlo and {1 + A)

may be recomputed based on the values obtained for T" and TB' When
another trial bad been made it was found that if the values

T" = 980° R
m Q
Ty = 1565° R

were aggumed for the ocomputation of the heat-transfer coefflclents,
the following results were obtained:

Ho,wio = 0.01260 Kz = 50.7
1+ A= 2.441 K = =857.7
Ky = 0.373 T" = 972° R
K, = -24.9 Ty = 1559° R

Beoause the computed values of T" and Tp agreed closely with
the assumed values, the oonstaents Jjust presented were employed in
equation (40} in order to determine the errors in T" presented in
figure B.

The 8istributions of M, W, and p =along the blade coolent
passage were computed in the seme manner as in the foregolng numer-

ical exzample.

1199
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AFPENDIX H
EFFECTIVE TEMPERATURE

The effective temperature T, is defined as the temperature a
body would assume with no heat transfer to or from 1t 1f the body
were placed in & highevelocity stream with the static temperature T.
The value of T, is approximetely T + 0.9(T" - T),

No relation has heretofore been presented for obtalning Tg

when only the mean total temperature of the gas_at the com'bustion-
chamber exlt is specified; a relatlon between '.T.‘g e 80d A, will

therefore be derived.

If it 1s assumed that the nozzles upstream of the turbine are
uncooled, the 1ldeal temperature at the nozzle exlt may be determined
from the adlabatic law:

75-1

7
- 2]
Tg,ex,1a = T'g,1n ;ﬁ"—' (s8)
&:1n

The average tempersture of the combustion gas at the nozzle exit 1s

- — —y —
Tg,ex,av = T g,in = 1 (T g,in - Tg,ex,id.) (92)

where 1 1s the nozzle (stator-ring) efficienocy. When the velocolity
of the fluild entering the nozzles is neglected, the nozzle exlt vel-
ocity may be determined from the relatlon

2 g =
(vs,ex) = 2J8Cy ¢ (T gin ~ Te,ex,av) (200)

Fipally, the combination of equations (98) to (100} results in the
expression for the square of the combustion-gas veloclty at the nozzle
exit.
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775-1
2 Pg,ex 8
< e, ex) = 2380p,g 1 Tg,1n =§""" (1o1)

For a mozzle, 17 I1a usually about 0.9.

The veloclty of the combustion gas reletive to the rotating blades
at the rotor enbtrance is obtained from the solution of the equatlion

1/\(8,31 ~ 2Vg,ex B 008 @ (102)

which is obtained from the velooity disgrem of figure 2(b). The value
of u in equation (102) is glven by

n = 2xNr
where

7= (1‘]3;‘1‘};)

The effective cambustion~gas temperature at the rotor entrance
is obtained from the definition of A,

A - Tme ~Tg  2eopglTge - Tg) (103)
o " 2
g 8 W
_ — W, 8
Tg,e = Tg,ex + Ao grb— (104)

P,8

where the value of 'fg,ex is equivalent to T, 1n eguation (103).

g
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APPENDIX I
RECOVERY COEFFICIENT

The recovery coeffliclent enters the anaslysis of beat transfer to
high=-velocity streams because the tempereture difference causing the
heat transfer to such streams is (Tp - T,) ratber then (Tp - T),
as for low=veloclty streams.

According to reference 19, the recovery coefficient A is a
function of Re, Pr, end M eand is defined for the outside of a
blade as

= EES:e - TS = EchI’)S(TS;e - TS)

R 2
Ws

(103)

The corresponiing recovery coeffleient for the inside of the blade is
defined as

T, -7
A1=§?,—:-E (15)

It has been established both by theory and by experiment (refer-
ence 20) that for a laminer layer of air flowing along a flat plate
wlth no pregsure gradlent the recovery coefficient is substantially
independent of Re and M and msay be represented by the equation

: A= (pr)/2 (105)

Date from the same reference Indicate that, for a turbulent boundary
layer of air in subsonioc flow over a flat plate, values of A in-
orease from the velue of 0.84 given by egquation (105) o 0.89 as Re
incresasen.

The values of A obtalned for turbine bledes confirm the
reistion ’
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A= (pr)l/3 (1086)

presented in reference 21 for a turbulent boundary layer along e flat
plate, '

A possible mean 'va.lue for the recovery coefflcient on the ocutelde
of a turbine blade A, based on the relative portions of the perim-

eter of the blade having laminer and turbulent bourndsary layers 1s
A, = (x)(2r)/2 + (12x)(pr)2/3 (207)

where

x portion of blade perimeter having laminar boundary layer.
l-x portion of blade perimeter having turbulent boundary layer.

In reference 22, experimental date are reported on the recovery
coefficient for the inslde of a pilpe having & turbulent boundary
layer. The average value reported is Ay = 0.88. For the present
report where only subsonic air flows are considered, it has already
been mentioned that the value of A has but a slight influence on
the result. It wlll therefore be sufficient to assume thaet
Ao = Ai = 0090
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APPERDIX J
FRICTION COEFFICIENT

Conslderable experimental dats exist for the determination of
the friction coefficient of fully developed flow in a passage without
heat transfer. Few data are ourrently availsble, however, for the ,
evaluation of the frictlon coefficlent in the presence of heat trans-
fer. In addition, entrance effects result in bhigher apperent friction
coefficlents then are experienced in fully developed bturbulent flow
regardless of the presence of heat tranafer. The apparent coefficlent
also includes profile losses.

The friction coefflcient in the sbsence of heat transfer is
deflned as

- On_%Per (108)
prz ar

(This equation gives only the local value, In a passage of finite
length, the average value of f 1is defined by equation (9) and is
80 chosen in this case that the over-sll pressure drop through the
'passege is correct, although intermediate values may not be.) In
equation (108), dpp, 1s the differential pressure drop due to fric-
tion in the length of passege d&r. Coolant passages 1n alr-cooled
turbine bladesg are usually noncircular so that the hydranlic dismeter
instead Of the tube dlameter occurs in equation (i08). The hydreaulic
dismeter of a passage (fig. 1) is equal to four times the flow area
divided by the wetted perlimeter.

Throughout most of the passege, the flow ls turbulent. According
to von Kérmén's formle, reference 11 (p. 119), the correlation
between f and Re for fully developed turbulent flow in smooth
pipes may be expressed as

1

= 4,0 log | Re Nt ) - 0.40 (109)
‘dva K

v
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A plot of equation (109), which facllitates the determination of £
from Re, 1s presented in figure 6. In reference 11 (p. 119) another
correletion between f and Re 1s presented for a limited range of
Re (5000 € Re § 200,000) and is

= 0.016 (110)
(Re)O.Z

The velue of Re required in eguations (109) and (110) 1is determined
from the equation

pWDh WDh

Re=—-—-=

m yrov (111)

The friction coefflcient ls determined lems accurately from
equations (109) and (110) as the rate of heat transfer increases. In
reference 11 (p. 121) it 1s indicated that, for small temperature dif-
ferences between the fluid and the passage wall, the frictlon coeffl-
clent in the presence of heet transfer may be satlsfactorily determined
from equation (109) 1f the mean film temperature is employed in the
determination of p In equation (111). The mesn fillm temperature
denoted here is the average of the passage-wall tempersture and the
fluld static temperature. It i1s suggested In reference 13 that for
large temperature differentisls between the wall temperature and the
fluld static temperasture (where the ratio of the wall tempereture to
the fluild bulk temperature is about 2) the effeot of heat transfer on
the Priction coeffloient may bhe accounted for through the employment
of values of p eand p in equation (111) and p in equation (108)
besed on the wall temperabure. Equations (108) and (111), respec-
tively, then take the forms '

£ Db p 9Pfr (112)
200 Py 4T
D
Re,, = Py W On (113)

Py
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An sttempt wee made to correlate the data of reference 23 on the fore-
going basls. The values of T in the presence of heet transfer thus
determined were found to be considerably lower then the actual values
of f. Currently, 1t would therefore seem that the data are Insuffi-
olent to estgbllish the theory that the value of £ in the presence
of heat transfer mey be correlated on a besis of the wall temperature.
Examinetion of the data of reference 23 indicates, however, that the
velue of f requlred to satisfy equation (68) with heat transfer is
not greater than that (except for exlt Mach mumbers less than 0.2)
glven by eguation (108) when p and p are determined at the stream
temperature of the passage exit,

The results of reference 24 indicete that velues of £ larger
and smeller than predicted by eguation (109) occur in the entrance
sectlon of = passege. In order to avold underestimating the pressure-
drop values of f obteined from the von Kérmin relation, egua~
tion (109) may be corrected for entrance conditions by employing
the correction factors (reference 24) presented in the followling
table: '

b £
Dh va
5 1,43
10 1.35
20 1.20
30 1.10
40 1.05

In this table b refers to the total distence measured from the
entrance of the coolant passage and not merely from the root of the
blade where heat transgfer begins.

The recammended procedure for compubting £ 1s to calculate BRe
corresponding to the exit cormditlons, determine va from equa-
tion (109) or figure 6, and then apply the correction factors of
the preceding teble where required.

When this procedure is employed for the determinetion of £,
the fluid properties may be evaluated at T". The small error that
wlll result from this approximstlon can be seen from the combination
of equations (110) and (131).
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(114)

From equetion (114), f is seen to be rather insensitive to tempera-
ture because u, which varies approximately with T0-7, appears to
the 0.2 power.

As an example of this procedure and in comnection with the
numerloal exaimples of this report, the friction coefficlent will be
computed. At the tip of the blade coolant pasesge, from figures 3(a)
and. 3(b)

A = 0.000194
Dh = 00,0044

and. from reference 14 at a value of T" = 1160° R
p = 0,66 x 2076

so that

Re = X2 (0.01689) (0.0044) = 17,800
8h B (32,17)(0.000194)(0.66 x 10™°)

0,046 0.046 . 0.0065

(Re)C+2  (17,800)0.2

vk =



NACA RM ESOEQO4

The length-dlemeter ratlio of the passage is

b 0.3

B, = 0.004z - 8

No correcﬁion for entrance effects is required.

79
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TABLE I - FUNCTIONS OF MACH NUMBER REQUIFED IN NUMERICAL
IN ROTGR COOLART

E;igits to left of those shown for ¥ = 1,40 are same
appears, indicating that next aigit

¥ ¥ i, 21, 31,

Y Y X
1.37 1.0 1.37 1.4k0 1.37 1.%0
0.008 |0.00000k |-0.0000080 00080 |0.00319x10~2{ 00224 | 0. 00ko0x10-3] OOLOO
.00k| 00016 |- 00320700320 00351x10-1100358] ©00160x10-2] 00160
.006 00036 |- 00T20| 00720 00178x10”°[00181! 00360 00360
.008 ooogk - 01280|01280| oo0sé1 - |ooST3| 00EkO 00640
0.010 [0.000200 [-0,000200 |00200 J0,00137x10~3 ]| 00140]0.00100x10-2| 00200
012 001kl |- 00288 |00288( 00284 00290| 001hh 0014k
014 00196 |- 00392 (00392 00526 00538 00196 00196
016 00256 |- 00512 |00512| 0898 00918] 00256 00256
.018| 0032k {- 0068 [00E48| o1L3g 01470} 0032k 00324
0.020 [0.000k00 [-0,000800 {00800 |0,02193x10-7 |022k1|0.004%00x10-2| 00400
.022| ookBh |- 00969 [00969| 03211 - |03281| ook8L ook8s
.02h 00576 (- 01153 101153 oks48 ohel8| 005TT 005TT
.026 00676 [- 01353 |01353| 06266 06k03| 0O06TT 00677
.028| ©0OT8h |- 01569 |01569| o8leg 08613 00786 00786
0,030 [0.000900 |-0.001802 (01802 j0.01111x10~%}01135 |0.00902x10-2] 00902
.032 01024 [- 02050 [02051| 01438 | [01M470| oOlo027 01027
.03k 01156 |- 02315 [0231%| 0183L 01873 01159 01159
.036| 01296|- 02596 (02596 02305 02355 01300 01300
.038 Olkkh |- 02893 |02803] 02861 02924 | o1kk9 01k4k9
0,040 |0.001600 |-0.003206 |03206 p.03514x10-" | 03591,[0.01.60Tx10-2| 01607
.02 o176k 03535 103535| okat2 ~  |ok366| OLTT2 L1772
LOkl! 01936]- 03881 103881 os1L6 05260 01946 01946
LOk6| 02116]- Ok2h3 |ok243| 06150 06284 o2127 02128
LOU8 02304 |- o4621| Q7291 oThs2| 02318 02318
0.0%0 |0.002500 [-0.005015 |05015 p.08588x10-*|087760. 0251651072 02517
.052| o270k |- . O5k25 05426 01005x10-3|01027| 02723 02723
LO5k | 02016(- 05852 [05852] 01169 " follg5| 02938 02938
L0561 03136~ 06296| 01352 - 01382| 03161 03162
058 0336k (- 06755 |06T55| 01557 01591| 03393 03394
0.060}0.003600 |-0.007231 | 07231 b.01783x10-3 | 01822 |0.03663x10-2] 0363h
062 038kh [- ©OTT23 |OTT2k| 0203k 02078 03882 03883
.06k - 08232 |08232| 02310 02360 o0ki3g ok1ho
066 ok356 (- 08757 |08758| o2612 02670] oLhok okhog
.068 - 09299 |09300} 02945 0301C| ou679 Q4680
0,070 |0.004900 [-0,00985T | 09858 b,03308x120-3 { 03381 |0.0k962x10-2| Ck963
072 0518k |- 10432 {10W33} o370k  103786] 05253 05254
LOTh|  Os476(- 11023 [1102h| Ok135 o226t 05553 05554
.076] 057761- 11632 {11632 oh703| 05862 05863
.078] 0608k |- ige57| 05208 . |05220| 06179 06181

-1

. 2R+ 2 ) i1+ L)
w71 & £5 T 1

3 ML + YMB) (1 + %lua)

II'.

1- M
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SOLUTIONS OF EQUATIORS FOR ONE-DIMENSIONAL GAS FLOW
PASSAGES .

as those ghown for Y = 1.37 unless an esterisk
to left im increased omne unit.]

]-I—IB 510 GIT,B M
Y Y L

1.37 1.ho 1.37 [ 1.0 1.37 1.
182,k82 178,572 | 0.00548x10~-3 00560]0.0007kx10-3 00080] 0.002
45,621 Iy 613 00215x10-8 0022k | 00296 00320] .00k
20,276 19,841 o0k93 0050k 00666 00720 .006
11,405 11,161 00877 00896 0118k 01280| .008
7,299.% | 7,143.0 | 0.00137x10~F 0o1ko|0.01850x10-3| 02000 0.010
5,069.1 | L,960.5| 00197 00202| o0206L 02880 .012
3,72k.2 3,6u%.5 00268 0028k| 03626 03920 .01k
2,851k 2,790.3 00351 00358; OLT36 05120 .016
2,253.0 2,204.7 0oLl oohsy | 0599k o6k80| .018
1,825.0 1,785.9 | 0.00548x10-2| 00560 |0.07399x10-3| 07999 0.020
1,508.2 1,475.9 00663 00678| 08953 09679 .022
1,267.4 1,2k0.2 | 00789 00806 01066x10-2| 01152 .02h
1,079.9 1,056.8 00926 oosh7| 01250 01352| .026
931.16 g911.22| o107k 01098} 01450 01568| .028
811.16 793.79] 0.01233x10-2} 01260 [0.01665x10-2]| 01800| 0.030
T12.89 697.69| 01k03 a1h3h | 0189% o20k8| ,032
631.45 618.04k| o1584 01619 | 02138 02311 .034
563 .20 551.29| 01776 01815 | 02397 02591| .036
505.70 koh 80| 01979 o022 | 02671 02887| .038
156,34 446,57 |0.02193x10~2|022k1 [0.02959x16-2]| 03199| 0,040
413,87 405.,07| 02418 o2hT0 | 03262 03527 .ob2
377.21 369.09| 02653 02711 | 03580 03870 Ok
345.08 337.7T1| 02900 0296k | 03913 ok230( .0k&
316.99 310.16| 03157 03227 | ohk261 ok6os| 048
292,11 285.86 |0.034k26x10-2{03502 [0.04623x10~2 |04998| 0.050
270,11 26%.301 03706 03788 | 05000 05ho05| 052
250.45 245.10| 03997 o085 | 05392 05829| .05k
232,91 227.91| 04298 o393 | 05798 06268] .056
217.10 212,48 ok6lz OhT13 | 06220 06723} .058
202.89 198.56 [0.04935x10-2 |[os0kh 0.06656x1072 [07195( 0.060
130.03 185.96| 05270 05386 | 07106 o7682| 062
178,32 17k.53| 05616 05739 | 07572 08185| .08%
167.70 16h.12| 05973 0610k | 08052 o8T1ok| .066
157.99 i5hk.62| 06340 06480 | 08s5kT 09239 .068
1h9.1C 155,92 [0.06719x102|06867 |0.09057x10-2{ 09750 0.070
140,94 137.93| 07109 07265 | 09581 10357 072
133.43 130.58) o750 07675 | 10120 loghol .07k
126.52 123.81! o7921 08096 | 1067k 11539 .076
120,11 117.55} 0834h 08528 | 11243 12153 .078

Y-l o
1+ M _
Mg - —2 %1, = N1+ Thif)
ne
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TABLE I - FUNCTIONS OF MACH NUMEER REQUIRED IN KUMERICAL
IN ROTOR COCOLANT

[Digits to left of those shown for Y = 1.40 are same
appears, Indlcating that next digit

¥ Y Y
1.37 1.k 1.37 1.%0| 1.37 1.40
0.080 |0.006400 [-0.012898 [ 12899 [0.05654x10-3| 05779|0.006505| 06507
.082 0672k |- 13556 | 13557 06262‘1: 06381 068h0| 06842
084 07056 |- 14231 {14232 06878 07030 07184 | 07186
L086| 07396|- 14923 |1k92k| 07560 o727 07537| 07539
.088| oOTTEk |- 15631 | 15633 08292 : o8k7k|  0T7899] 07901
©.090 [0.008200 |-0.016357 | 16359 [0.09076x10-3| 09275 |0.008269| 08272
.092| 0846k |- 17099 | 17101 | 0991k 10132| 086k9| 08652
09% 08836{- 17859 |17861| 10809 110h7 09037] 09041
096| 09216~ 18635 | 18638| 1176k 1202k |  O9%35! 09439
.098 09604 - 19429 | 19k32| 12782 13063 09852| 09846
0.100 [0.010000 |-0.020239 | 20242 [0.13864x10-3 | 14170 |0.010258| 10263
o2  10hok |- 21068 | 207L| 1501k 15345 1068k{ 10689
104 10816 |- 21912 | 21916| 16235 16593 11118{ 1110k
.106 11236|- 2277k | 22778 17526 17916 11562( 11568
108 11664 |- 2365k | 23658 18900 19317 12016 12022
0.1100.012100 |-0,024551 | 28556 0.20349x10-3| 20799 | 0.012479| 12486
12 12544 |- osh66 | 25hT0| 21882 22365 12952] 12959
.1k 129961~ 26398 | 26803 | 23501 24019 1343k 13L4h2
J16 13456 |- 27346 | 27352] 25206 25764 1392511393k
.118 13924 |- 2831k | 28320 27006 27603 1kho7| 14436
0.120 [0.,014400 |-0.029299 | 29305 |0.28903x10-3 | 29539 |0,014938| 24gk8
JA22 1k88k |- 30300 | 30308} 30892 31577 154591 15470
124 15376|- 31322 | 31328 32990 33719 1599116001
.126 15876{- 32358 | 32367 35189 35970 16531{16543
.128 1638k - 3341k | 33k23( 37500 38332 17082{ 17948
0.130 |0.016900 |-0.034489 | 34497 |0.39920x10~3 | 40810 |0.017643 | 17657
.132 17hok (- _35580 | 35590 Loké6 43408 1821518229
.13k 17956 |- 36690 | 36T00| k5129 46129 1879618811
136 18496|- 37818 | 37829 %7915 L89Th 19388|19k04
.138] 190kk |- 3896k | 38975| 50828 51957 19990 |20007
0 .140 [0.019600 |-0.,040129 | 40140 [0.53873x10-3| 55073 [0,020603 | 20621
.1k2 2016k |- 41312 | b132k| 57062 58328 21227 {21245
.lhk 20736)- 42512 | L2w26| 6038k 61727 2186021880
k6 213161- k3732 | k3TH6] 63855 65275 22505 (22526
.148! 2190k |- kk9T0 | WU9BS| 6THT3 68975 | 23160(23182
0.1%0 |0.022500 |-0.0k6227 | k6243 [0.71236x10-3{ 72833 |0. 02382623850
52| 23104 |- k7sOM | BTS19) 75180 768521 2hks0l|2h528
JA5k | 23716|- 48798 | k8815| 79275 81038| 2519225218
.156| 2h336[- 50110 |50129| 83533 85395| 25890|25918
.158 oho6h |-  s1ihk2 | 51k62| 87968 89929 2660126630 |,

NA
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SOLUTIORS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW
PASSAGES - Continued

as those shown for ¥ = 1.37 unless an asterisk
to left is increased one umit .]

In Ie Ir,e M
Y Y Y
1.37 1.ko 1,37 i.ko 1.37 1.k0
11%.19 (111,75 |0.008778 | 08971 |0.11826x10-2| 1278k 10,080
108. 106.37 09223 | osk26| 1242k 13430 | 082
103. 101,37 09680 | 09892 13037 14092 | .084
98. 96.720] 10147 | 10370| 13664 770 | 086
94.395| 92.380 10624 14306 1skées | 088
90.250 | 88.326{0.02111% | 11358(0.18963x10-2| 1617k [0.09C
86.372| 8k.53k| 1161k | 11870 15634 16899 | .092
82.756| 60.981 12125 | 12392| 16320 17681 | .09k
79.337| T7.648 12648 12326 17021 18398 | .096
76,140 | T4.%517 13180 | 13kT1| 17736 19171 | 098
73.128| T1.571/0.013725 | 1028 |0.18466x10-2| 19960 10,100
70,2961 68.798| 14280 | 14596} 19210 20765 | 102
67. 66,183 148%8 | 1517 19970 21585 | .10%
65,100 | 63.71h 1%ho% | 157 2074k ook | ,106
62.713 | 61.381 1601% | 16368 21532 2327% | .108
60.860 | %6.17%(0.01661% | 16981 |0.22335x10-2) 2k142 0,110
58.325| 5T7.085| 17225 | 17606 23133 25025 | 112
56.299 | 55.105 17848 | 182k | 23985 25925 | 114
54,380 53,226 18481 | 18889 | 24832 26840 | .116
52,557| S1.hke| 19125 [ 195k8| 25693 27771 | 118
819 | 49,746 (0.019780 | 20218 |0.26569x10-2| 28TLT 10.120
k9,176 48.133 207 | 20900 2THEC | 29680 | 122
k7.607| 46,597| 2115 | 21593 28365 30658 | .12k
k6.112 | L% 13% 2181k | 2e297| 29285 31652 | 126
kk, 686 43.739 2051% | 23013| 30219 32661 | .128
43.332 | 42.%08(0.02322% | 237k0 |0.31167x10-2 33686 [0.130
.027| %1.137 23948 | eikT9| 32131 3k727 | 132
%0.7685| 39.923 oh682 | 2%287! 33109 . 35784 | .13k
39.22? 38.761 oxkoT | 2 34101 3 136
38. 37.650 26182 | 26763 35108 379h% | .138
37.379| 36.586{0.0269L9 | 275480.36129x10-2| 390k7 (0,140
36.33k | 35.567 27728 | 28343 37165 %0166 | .142
35.336| 3k.590 28517 | 29151| 38215 51301 | 144
3%.378| 33.652| 29318 | 29970| 39280 L2ys51 | 146
33.k60| 32,753 30130 | 30800| %0359 43617 | 148
32.581 | 31.889(0.0309%53 | 316ke |0 41453x10-2| 1798 0,150
31.729| 31.039 31787 | 324 42560 45996 | 152
30.913 | 30.261 3263k | 333 %3683 L7208 | .15%
30.122 29,49k | 33hk90 | 3he36) khE20 48436 | .156
29,374 | 28.7%6 3k359 | 3512k | 45971 49680 | .158

85
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TABLE I - FUNCTIONS OF MACE NUMBER REQUIRED IN NUMERICAL
IN ROTCGR COOLANT

EDigits to left of those shown for ¥ = 1.h0 are same
appears, indicating that next digit

M e I, Ir Iy

Y ¥ ¥
1.37 1.%0 1,37 1.ho 1.37 | 1.bo
0.160{0.025600 |-0.052794 | 5281k [0,92575x10-3| 9k6h3(0.027323 {27354
Jd62| 2624k |- Sk16k| 5k186| 97371 99543 28056 | 28088
64| 26896]|- 5555k | 55576 10235x10-2| 10463 28801}28834
.166|  27556|- 56962 56986 10752 10992 29556[29592
.168 o822k |- 58390] S58415| 11289 - 115k 3032430362
0.170]0.028900 |-0.059838| 5986k |0.11846x10-F 12110(0.031104| 31143
A72 29584 |~ 61305| 61333 12kak 12701 31895|31936
ATh 30276 |- 62792| 62821| 13022 13314 32608(327k2
76| 30976 (- 64299 | 6k328) 13643 13948  3351h4[33559
178 3168k (- 65825| 65856| 14286 14606 3434134389
0.180|0.,032400 |-0,067371| 6740k |0.14952x10"2] 15287 [0,035181| 35231
.182 3312k |- 68937| 68972| 15642 15992 36033} 36085
.184 33856(- 7052k | TOS559( 16355 16722 36898|36952
A86| 3k596|- 72130 TR16T| 17094 777 3TTE+{37831
.188{ 3534k |- T3757| 73796 17857 18258|  3866h4|38724
0.190 |0.036100 |-0.07580k | T54k5 |0.18646x102 | 19065]0.039567|39629
192 36864 |- 770T2| TTILE| 1goké2 19899 LOk82| kOSKT
.19k 37636]- 78760| 7880k| 20305 - 20761 11%11]| 41478
.196 38416 |- 80515| 21176 21652 Lo3se| hohe3
.198 3920k |~ 82199 82ohT| 2207k 22571 %3307| 43381
0.200 |0.0%0000 |-0.083950 | 84000 0.23002;1.0'2 23520]0.0L%275| k352
.202 oSOk |- 85722 85TTH| 23960 24500 45257 45337
.20k 31616 |- 85715| 87569| 24ou8 25510 Leo52| 16336
«206 hoy36|- 89329 89385| 25967 26552 §7261| k7348
208 h326k|- 91165| 91223| 27018 27627 48284 [ 4837k
0.210 |0.0k4100 |-0.093022 | 93083 [0.28100x10-2| 28735{0.0k9321 | kok15
222  4hohh |-  Sh9OL| U9Ek | 29217 29876|  50372| 50470
21k b5796)- 96801L| 96867 30367 31053]  51k37|51539
.216| L6656|- 96723 98792 31551 32265  52517| 52622
.218| k752 |- .100668| 00739| 32771 33513| 5361153721
0.220 |0.048400 |-0.10263 | 0271 |0.3%027x1072| 34798 0.054T20] 5483k
222 hgo8k |- oOh62 | ok70 | 35320 36120  5584k| 55962
204 50176 |- 0663 | 0671 36651 37h81 56982| 57105
.226 51076|- 0OB67 | 0875 38020 38882 58136| 56263
.228 5198k - 1072 | 1081 39428 40322 59305 59437
0.230 [0.052900 |-0.11280 | 1289 (0. 40876x10-2| 41804{0,060L89| 60626
232 53824 |- 1490 | 1%00 ko365 43327 61689| 61831
234 sk756 |- 1703 | 1712 43895 44893 6290k| 63052
236 55696|- 1918 | 1928 45468 46502 64136] 64288
.238 5664k |- 2135 | 2145 K7085 48156 65383| 65541

%
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SOLUTIONS -.OF EQUATIONS FOR ONE-~DIMENSIONAL GAS FLOW

PASSAGES - Continued

es those shown for ¥ = 1.37 unless an asterisk

$0 left 1s increased one unit.]

Ip e Ir,e ¥
Y T Y

1.37 | 1.bO 1.37 1.40 1.37 1.k0
za.gzg 28,045 (0.035238 | 3602k [0.57137x10-2| 50939/0.160
o7, 27.360| 36129 | 3693k} k8317 seo1k| .162
27.27k | 26.700 37031 | 37857| ko511 gﬁggh 16k
26.62% | 26,064 3704k | 38791 50720 ol 166
25.997 | 25.451] 38869 | 39737| 51943 56131 168
392 | 2k, 0.039805 | 5069% [0.53281x10-2| 57468|0.170
ol 808 | 24,2 o752 | 41663 32 53820 172
ok 24k | 23,735 41710 | ko&h3| 55699 60188 .17k
23.699 | 23.202| 42680 | 43635| 56979 615T1| 176
23.173 | 22.687 43662 | Bu639| 5827k €62969| .178
22,664 | 22.189(0.0kk65k | 4565k (0.59583x10-2| 64383 (0,180
22.171 | 21.707 k=658 | 46681 | 60906 .182
21.22 21.241 %6673 | bTT19| 622k 67257| 184
21, 20.789 k7700 | 4B8TTO| 63596 68717| .186
20.787 | 20.352 48738 | 4o831| 6u962 T0192| .188
20.3%5 | 19.929(0.049787 | 50905 [0.66342x10-2| T1682|0.190
19.936 | 19.519 50848 | 1990 67736 T3188| .192
19,529 | 19.122 51920 | 53087 69145 Th710| J19%
19,136 | 18.736 =300k | 5k196| TO568 T6246| 196
18,754 | 18.363 54099 | 55316 T2005 TTTS8| +198
18.383 | 18,000}0.05%5206 | 56448 )0.73456x10-2| 79365 0.200
18.024 | 17.648 5632h | 57592 Tho22 8oglkT| .202
17.675 | 17.307 57453 | 58THT| 76401 82545 | .20k
17.336 | 16.975 5856k | 59915 | TT7895 BL158| .206
17.006 | 16.653 59ThE | 61 79403 85786| .208
16.687 | 16.3%0]0.060910 | 62284 |0.80925x10-2 | §Th29]0.210
16.376 | 16.036 62085 | 63487 82461 89087| .212
16.074 | 15.7h0 63272 | 64702 | 8LO1L 9oT6L| .21k
15.780 | 15.452 6hk70 8| 85575 g92Lkg| 216
15.5k94 [ 15.173 65680 | 67T166| 87153 gk153| .218
1%5.216 | 14,901 (0.066902 | 68416 |0.887k5x10-2| 95872[0.220
946 | 14,636 68135 | 60678 | 90352 97606 222
14.682 | 14,378 69379 | TO9SL| 91972 99355| .22
14 526 | 14,128 T0635 | 72237 | 93606 #011e| 226
176 | 13. 71903 | 7353k | 9525k *#10290( .228
13.933 | 13.6%50.073182 | Th8kk [0, 96916x10~2 [#10k65|0 230
13,696 B.hlE ThRT3 | 76165 593 #10650| .232
13.k66 [ 13.188] 75776 | TIN98| 10028x10-1| 10833| .23k
13.241 |12,968| 77090 | 78843 | 10199 11016} .236
13.021 | 12.753 78416 | 80200 | 10370 11202 .238
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NACA RM ES5OEOL

TABLE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL
' IN ROTQR COOLANT

[Digits to left of those shown for ¥ = 1.40 are same
appears, Indicating that next digit

M W Ia Ig Ip
Y ¥ Y
T.37 [L.W0 1.37 I.h0| 1.37 1.}0
0,240 |0.057600| -0,1235k| 2365 |0.48TE5x10~2 | 49855 |0.066646| 66810
242 58564k . 2576|2587| 50451 51601 67926| 68096
« 24k 59536/ - 2800|2812| 52203 53393 692221 69398
2h6 60516| -  3027/3039| 54002 55234 T0535( TOTLT
248 6150k - 3256|3268| 55848 57123 T1865| 72053
0.250 |0.062500/ -0.13488] 3500 |0.57T43x10~2 | 55062 [0.073212( 73406
252 6350k - 3721/ 373%| 59688 61053 TUSTE| TUTTT
.254 64516| -  3958(3971! 61684 63095 75957 76165
256 65536{ - 4196| k21o| 63731 65190 T1356| TI5TO
.258| 665641 -  hh38lhhs2| 65831 67339| 78772|7899%
0.260 {0.067600| -0.14682] 4696 [0.67984x10-2 | 69543 |0.080206] Bok36
.262| 6864k{- 4928 h9k3| TOl92 71802 81658|81896
.26L 69696] - 51T7)5192| T2u56 74119 83129( 8337k
.266 70756) - _sk28|S5hhk| W76 76494 8%618| 84870
L268| 71824 - 5682/5699| TT55 78928| 86126| 86386
0,270 |0.072900] -0,15939( 5956 |0.79592x10-2 | 81422 (0.087652| 87921
272 T3984{ - 6198|6215 82088 83978 89197] 89475
274 T5076| - 6460|6478 8hEl6 86596 90762( 91048
276 T6176| - 6724 673 | 87266 89277 92346 92641
2178 T7284| - 6991 7010| 89949 92024 93950 9k25h
0.280 |0.C78400| -0.17261] 7281 |0.92697 94836 |0.095573 | 95887
282} 7952k|- T533{ 755k 95510 o1716| 97216 975k0
284 806561 - 7808|7830 98390 10066 98880 | 99214
.286| 81796|- 8086|8108 10134x10~l |10368| ..00564|00908
.288 829kk| - 8367|8389 10435 10677 02269]| 02623
0.296 0.084100| -0,18650| 8673 [0.107kkx20-1 | 10993 |0.10400 {0k36
.292 | 85264~ 8936/8960| 11060 111316 0574 0612
<294 B86436| - 9225(9250| 11383 11647 Q751 0790
296 87616|- 951TI9sk2| 11T71M 11986 0930 {0970
298 88804 - 9812(9838| 12052 12332 1111 (1152
0,300 10.090000| -0.20110|0136 [0.12398x10-1 | 12686 |0.11295 |1337
2302 | '9120h{. oOhloioh38| 12751 13048 1480 (1524
.30k 92k16(- O713|0Th2 | 13113 13418 1668 ]1713
306 93636|- 1020|1049 | 213482 13796 1858 [1904
.308 gh86hk |~ 1329|1359 13860 14183 2051 (2098
0,310 P, 096100 |~0.21641 {1672 [0.1heh6x10°L | 14579 j0.12245 [229%
322 9734k~  1957(1988 | 1k6L1 14983 2hho 12hg2
31k 98596|- 2275|2307 | 1504k 15396 26h2 12693
.316 99856|- 2597{2630| 15456 15818 284) (2897
318 | Jo011gk|- 2921|2955 | 15877 162h9 3048 [3102




NACA RM E5S0EOL

SOLUTIONS (F EQUATICNS FOR ONE-DIMENSIOHNAL GAS FLOW
PASSBAGES - Continued

as those shown for ¥ = 1,37 unless an asterisk

to left is increased one unit .}

In Io IT,g M
Y Y Y

1037 1.“0 1.37 loh’o 1.37 l.w
12,807 [12.544% [0.079753 | 81569[0,0105kk | 11389 j0.240
12,599 [12.3h0 81102 | 82950 10718 | 11577| 242
12,395 |12,140 82463 | 84343 1096k | 11767 .2kh
12,197 |11.946 83935 | 85748{ 11072 [11958| .2k6
12.003 [11.756 85219 | 87165 11950 | 12151 | 248
11,81k j11.571 {0.086615 | 8859%]0.011430 | 123k6 |0.250
11,629 [11.391 88023 | 90035 lo5ke | .2%2
11.4%9 11,21k 8okkeo 11795 | 12739 254
11,273 [11.0k2 90873 | 92953 11979 | 12938| .256
11.101 (10.87k 92316 | o4k30| 1216k |13138| .258
10.933 |10.T09 |0.093770 | 9552010, 11235% 1334%0{0.260
10,768 |10.548 95236 | 97ka1 135k3| 262
10,608 [10,391 96715 | 9893k 12730 | 13748] 264
10.551 |10.238 9820% (#00%60 12921 | 13954 | .266
10.298 (10,088 99706 801998 13113 | 1k161| .268
10,148 | 9.9410/0.10122 | 0355 (0.013307 | 14370!0.270
10.001 | 9.797#| 027% | o511 13502 ; 14581 .272
9.8576| 9.657L] oh28 | 0668 13699 | 14793 | .27k
9.7172| 9.5197 0583 | og2T 13897 | 15007| .276
9.5798| 9.3852| 0739 [ 0987 | k096 | 15222| 278
9.5453! 9.2536(0.10897 | 1148 [0.014297 | 15438|0.280
9.3137] 9.1248] 10%5 | 1320 14499 | 15656 .282
9.1849| 8.9988 121% | 47k 14702 | 15875| 28k
9.0587| 8.875%| 1376 | 1639 14907 | 16096 .286
8.9353| 8.7545 1538 | 1805 15113 | 26318 .288
8.81k3| 8.6362{0,11701 | 1972 ]0.015320 | 165h2/0.290
8.6058| 8.5202 1866 | 21 15529 | 16767 .292
8.5798| 8.4066 2031 | 2310 15739 | 16993| .26L
2660 8.2953 2198 | 2k81L 15950 | 17221 | .296
8.3546| 8.1862 2366 | 2653 16163 | X7h51| .298
8.2453 | 8.075k[0.1253% | 2827 {0.016377 | 17682]0.300
8.1383 | 7.9746 2706 | 3002 16593 | 17914 .302
8.0333| 7.8719 2878 | 3177 18148! 304
7.930%| 7.7712| 3050 | 3354 17028 | 18383 .306
Te T.678k| 322% | 3533 172h7 | 18620 .308
7.7305| 7.5756]0.13500 | 3713 |[0,017468 | 18858/0.310
7.6335 7.%06 3576 | 3894 17690 {19097 .312
7.5382 7.38‘215 3;35!; 1}l»sa'res :1%39315 19338 gi‘lé

. 7.29 ] 9580 | .

;.3532 7.2063 113 ﬁi 18364 | 1982k ,318
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NACA

IABLE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL
IN ROTCR COOLANT

EDigits to left of those shown for ¥ = 1.40 are pame
appears, indicating that next digit

RM ES50EQh

M » 1, ie Ay
Y Y Y
1.37 1.ho 1.37 1.ho] 1.37 1.40
0.320(0.10240 | -0.23249 | 328k 10.016308 | 16690/0.13255 | 3311
.322 0368 | - 3579 | 3615 1677 | 17140 3468 | 3522
.32k Oh98 | - 3913 | 3950 17196 | 17599| 3676 | 3735
.326] 0628 |- k250 | L4288 1765k | 18069| 3891 | 3951
3281 0758 1- k591 ! %630 18122 | 18548| K108 | 4170
0.330[0.10890 | -0.2k93k | L9Th |0.018600 | 19038[0.14327 | k391
.332 1022 | - 5281 | 5322 19088 | 19938 Lxko | k61%
.33 1156 | - %631 | 5673 19586 | 20048} 477h | W8k
.336 1290 | - 5984k | 6027 20095 | 20569 5002 | SOT1
.338 42k | - 6341 | 6385 20614 | 2110)} se32 | 5303
0.340|0.11560 | -0.26701 | 6Th6 |0, 021144 | 21643 [0.15465 | 5538
32 1696 | - 7065 | Tand 2168k | 22197 5701 | 5775
. 183k [ - Th3Y | W79 22236 | 22762 5939 | 6016
346 972 |- 7802 | T851 22799 | 23339 6181 | 6259
.3u8 2110 | - 8176 | 8226 23373 | 23928 6425
0.350)0.12250 | -0.28553 | 860k | 0.023960 | 24528)0.166T2 | 6755
352 2390 | - 8934 | 8986 24557 | 251kl 7007
35k 2532 | - 9318 | 9372 25167 | 257166F TLT6 | 7263
.356 2674 | - 9706°| 9762 25769 | 26403 Th32 | 7521
.358 2816 | - .30098 | 0155 27053 7691 | T783
0.360|0.12960 | -0.30k93 | 0551 [0.02T0T1 | 2TTL6[0.1T95h | BOMT
362 3104 i - 0892 | 0952 27731 | 28392 8219 | 8315
364 3250 | - 1295 [ 1356 290682 8483 | 8586
366! 3396 |- 1702 | 1764 29090 | 29785 8760 | 8860
.368 3sho [ - 2112 [ 2176 29789 | 30502 9035 | 9138
0.370]0.13690 | ~-0.32526 | 2591 |0.030502 | 31232(0.19313 | 419
372 3838 |- 2944 | 3011 31229 | 31977 9595 | 9703
374 3988 | - 3366 | 3434 31970 | 32737 9991
.376 4138 - 3792 | 3862 32725 | 33511 .20169 | 0282
378 4288 |- k222 | L4293 33495 | 34300| ou60 | 0577
0.380|0.1440 | -0,34656 | ¥729 |0.03k279 | 35104 }0.20756 | O8TS
.382 ksg2 | - 5168 35079 | 35923 1055 | 1176
.38k kk6 | - 5536 | 5612 35894 | 36759 1357
.386 4900 | - %5982 | 6060 36724 | 37609 1663 | 1791
.388 5054 | - 6432 | 6512 37570 | 38477 1973 | 210%
0.390(0.15210 | -0,36886 | 6968 (0.038431 | 39360{0.22286 | 2k20
.392 5366 | - 345 | The9 39309 | ko260 2603 | 27k0
39%]  sSs2h |- 7808 | 7894 o2ob | k1277 292l | 3064
.396 5682 | - 8275 | 8363 k1115 | k2113 32kg | 3392
.398 5840 | -« 8TWT | 8836 kooh3 | 43063 3578 | 372k
—_—]




NACA RM ESCEOL

SOLUTIONS OF EQUATIONS FCOR OEE-DDERBIOEAL GAS FLOW
PASSAGES - Contlinued

as those shown for ¥y = 1.37 unless an esterisk
to left 1s increased ome unit.]

IB IO IT’. n

Y
1.37 1.ko 1,37 156 137 J1.B0

7.2632 [ 7.11830.14295 | %4630 |0,018592 | 20069 [0.320
T.1750 | 7.0319F  BW7T | &817 18820 | 20316| .322

19031
T+0033 | 6.8639 L8h6 | 5195 19282 | 20813| .326
6.9198 | 6.7822 5032 | 5386 19515 | 2106k | .328

6.8378 | 6.7020[0.15220 | 5578 |0.029749 | 21316(0.330
6 5409 1998k

6.3756 | 6.2497 6371 758 22858| .3
6.3033 | 6.1790 6959 21ko3 | 23120 .34k
6.2322 | 6.109% 6764 | T162 21668 | 233831 346
6.1623 | 6.0110 7365 21913 | 23648 .

23
15.6441 | 5.5339 8597 | SOkl 23925 | 256815( .364
55,5840 | 5.8751 8807 | 9256 24183 | 26092 366
5.5250 | 5.5173 9018 | 9473 25Lky | 26371 .368

5.4669 | 5.360%10,19230 | 9601 |0.025701 | 26650|0.370
5.4097 | 5.3045% ghhh | 9910 2462 | 26931] .372
5.3534 | 5.2594 9659 | %0130 o522k | 2721k | 374

5.2436 | 5.1k19| ,20092 | 0575 25753 | 27783| .378

5.1899 [ 5.089%40.20311 | 0800 |0.026019 | 28069|0.380
26286

5.1371 | 5.0378 0531 | 1026 28357| .382
5-0% k.,9869 0753 | 1253 26555 | 28646| .38k
5.0 ,9369| 0975 | 1k81 26825 | 28937| .386
1,9836 | .8875 199 | 17T1A 27096 | 29229| .388
t.gﬁ t.8390 0.211513 19%2; 0'02?3652 29522816 0.390
. 1912 1l el 27 25 «392
k.8371 72-&2 1878 | 2ko8 27917 | 30112} 394
k.7897 | 4.6978 2107 | 2643 28163 | 30809| .396
4,7431 jb.6%21] 2337 | 2879 28470 | 30708| .398




92 NACA RM ESOEO4

PABLE I - FUNCTIONS OF MACE NUMBER HEQUIRED IN NUMERICAL
IN ROTGR COOLANT
[D:lgita to left of those shown for ¥ = 1,40 are seme
appears, indicating that next digit

M W Ipn Ir Lp

Y Y Y
1.37 1.ho0 1.37 1.40] 1.37 1.40
0.%00]0.16000 | ~-0.39223 | 9314 | 0.042988 | 4h032/0.23910 | k06O
Loz ~ 9703 | 9797 43951 | k5019 okt | koo
Lok 6322 |~ 40188 | o284 L4932 | 46025 4587 | WTkh
H06|  6uBh |- 0678 | OTT5 45930 | b7048| 4932 ggzz
.ho8 6646 |~ 1172 | 2271 46047 | 48091| 5281 5
0.410(0.16810 {-0.41670 | 1772 {0.0k7983 | 49153 (025634 | 5801
Jdn2 697k |~ 21Th | 2278 49037 | 5023% 5990 | 6162
ALk O |- 2682 | 2788 50111 | 51336 6352 | 6528
k16 7306 |- 319k | 3303 51204 | 52457 6718 | 6897
JH18 472 |- 3712 | 3823 52317 | 53598 T088 | T2T1
0.420 [0.17640 | -0.4423% | k348 |0.0534%50 | 54760 [0.2Th6R2 | 7650
J22 7808 |- b762 | MBTT Sh60k | 55943 T8kl | 8033
42k 7978 520L | s5kl2 55778 | 57148 8225 | 8421
426 8148 {- 5831 | 5952 56973 | 5837k 8613 | 8813
428 8318 |- 6373 | 6496 58190 | 59622 9006 | 9210
0.430/0.18490 |-0.k6921 | TOkE | 0,059428 | 60892 [0.29%03 | 9612
432 8662 |- Th3 | T602 606881 62185| .9805 | %019
438 8836 |- 8031 | 8162 61971 63501} .30212 | Oh31
136 9010 |- 8%94 | 8728 63277 | 64840 0625 | 084S
438 9184 - 91& | 9299 6460% | 6620k 1042 | 1270
0.440 (019360 |-0.59736 | 9875 |0.065957 | 67591 10.31464 | 1697
e 9536 |- .50315 | OB5T 67333 | 69002 1891 | 2129
el 9714k |- 0899 | 1okk 68733 | TOk39 2323 | 2566
Jis6 9892 |- 1489 | 1637 70158 ! T1900 2760 | 3009
Ai8| ,20070 |- 2085 | 2236 71607 | 73388] 3203 | 3457
0.45010.20250 |-0.52686 | 2840 | 0.073082| Th901[0.33651 | 3910
4521 o430 [- 3293 f k5L | 7A583| TEMML| k105 { 4369
Jish 0612 |. 3906 | HO6T 76110 | 78008 456k | L4834
A56 oT9k |- L4525 | 4688 77663 | 79602 5029 | 5304
458 0976 |- 5149 | 5316 79243 | 8122k 5k99 | 5780
0.460|0.21160 |-0.55780 | 5950 |0.080850 | 82673[0.35975 | 6262
L62 - 6416 | 6590 82486 84552 %7 | 6750
J6h 1530 |- 7059 | 7236 84149 | 86259 T2kk
166 1716 |~ 7708 | 7888 85851 | 87995 38 | TTha
A68 1902 |- 8363 | 8547 87562 | 89762 7938 | 82%0
0.47010.22090 |-0.59024 | 9212 | 0.089313 | 91559|0.388k3 | 8762
Ji72 2278 |- 9692 | 9883 9109k | 93387 8955 | 9280
Ry 268 |~ 60366 | 0561 9290k | 952k6 9hT3 '8805
476 2658 |- 1046 | 1245 ohThT | 97137 9998 336
178 2 - 173k | 1937 96620 | 99061] k0529 | 08Th




NACA RM E50EOhL

SOLUTIORS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW
PASSAGES ~ Continumed

as those shown for ¥ = 1.37 unless an asterisk

to left 1s Incressed one unit.]

In I ir e M
¥ Y Y

1.37 1.k0 1.37 1.ko 1.37 1.k0
k6971 [ k6071 |0.22569 | 3117 {0.0287h9 | 31008 0400
4,6518 | b,5628 2802 | 3356 29029 | 31309 ko2
§.6072 | k.5192 3036 | 3596 29310 | 31611 | kOh
%.5632 | L k762 3271 | 3838 29592 | 31915 | 406
%.5199 | 4.4338 3508 | L4081 29876 | 32220 | 408
0773 [ h.392010.23746 | k325 | 0.,030160 | 32526 |0,410
k. k352 h.3509 3985 | 4571 30446 | 32834 | 412
%,3937 | 4.3103 koot | 4818 30734 33143 | Ak
4.3529 | 4.2703 Lk68 | 5066 31022 {33453 | 1416
%,3126 |k.2309| k711 | 5316 31312 [ 33765 | k18
%.2729 | 4.1921 [0.24956 | 5567 |0.031603 | 35078 [0.k20
4.2338 | 4.,1538 5201 | 5820 31895 | 34392 | 422
4,952 | 4.1161 5548 | 60Th 32188 | 35708 | Jhok
. %.1572 1 4,0788| 5697 | 6329 32482 | 3502k | 426
%,1197 |h.o2L| 59T | 6585 32778 | 353k2 | k28
k.0827 | 4.0059 [0.26198 | 6843 |0,033075 | 35661 |0.k30
. 0k62 | 3.9703 6450 | 7103 33373 135982 k32
%,0103 | 3.9351 670k | 71363 33672 | 3630% | k34
3.9748 | 3.900k 6959 | T625 33973 | 36627 | 436
3,9398 | 3.8661 7215 | 889 34275 {36951 | k38
3.9053 3.8323 j0.27473 | 8153 | 0.034578 | 37277 |0.440
3.8713 | 3.7990 T732 | 8420 34882 | 3760% | k2
3.8377 | 3.7662. 7993 | 8687 35187 | 37932 bk
3.80k6 | 3,7338 8254 | 8956 35403 | 38261} kL6
3.7719 | 3.7018 8517 | 9226 35801 | 38592 4:8
3.7396 | 3.6702(0.28782 | 9498 | 0,036110 | 3892k |0.450
3.7078 | 3.63%0| SO08 | 97TL 36420 | 39251 | 452
3.6764 | 3.6083 9315 | %0046 36731 | 39591 | .h5h4
3.6454 [ 3.5780| 9583 | %0322 37043 | 39927 456
3.61k8 | 3.5k80 9853 | #0599 37357 | ko26h | 458
3.5846 | 3.5185 |0.3012k | 0878 |0.037671 | 40602 j0.k60
3.5548 3.2893 0397 | 1158 37987 | ookl | k62
3.525% | 3.4606 0670 | 1439 38304 | 41282 | b6k
3.%963 |3.4321] o966 | 1722 38622 | k1623 | 466
3.5677 | 3.4041 1222 | 2007 380k2 | k1966 468
3.k39% | 3.376410.31500 | 2292 |0.039262 | 42311 0470
3.k11k 13,3490 1779 | 2%80 39584 | k2656 AT2
3.3538 | 3.3220 2060 | 2868 39906 | 43003 | LT
3.3566 | 3.2954 2342 | 3158 L0230 | 43351 | U476
3.3297 [3.2690| 2625 | 3450 hoss5 [ k3700 | AT8

93
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NACA RM ESCEOk

TABLE I -~ FURCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL
IN ROTR COOLART

I:Digits to left of those shown for Y = 140 ere same
appears, Indicating that next digit

M W Ix Ir Ip
Y Y Y
1.37 1.k0 1.37 150 1.37 1.k0
0.480]0.23040 | -0.6242 263k | 0.09 %1017 0.41066 | 1419
482 3232 - 312 3339 1032262 03002 1610 | 1970
L8k 3426 -~ 3835 koSO 02434} 05029 2161 | 2528
1486 3620 - k580 | 4769 ok438| 07087 2719 | 3093
488 381k | - s271 | Skok 06476 09180, 3283 | 3665
0.490(0.24010 | -0.65999 | 6227 | 0.10855 | 1131 | 0.43854% | Lokh
Age hoo6| - 6735 | 6967 1066 | 1347 L4%33 | 4831
Jioh Lkok | - TW78 | TTLh 1280 | 1567 5019 | skok
496 4602 | - 8228 | 8468 1498 | 1791 5612 | 602
498 k800 | - 8985 | 9230 1719 | 2019 6212 | 663
0.500/0.25000 | -0.69730 | %0000 | 0,11945 | 2250 | 0.%6820 | 7250
502 5200 - .70%22 | OTT7 217h | 248 7435 | 787k
.50k 5402 | - 1303 | 1562 2407 | 272 8058 | 8506
.506 5604 | - 2355 2644 | 2968 8689 | 9145
508 58061 - 2886 | 3155 2884 | 321% 9328 | 9793
0.510(0.26010 | -0.73690 | 3964 |0.13129 | 3467 |0.4997h |OULS
512 6214 | - Lso2 | W81 3378 | 3722 | .50629 | 1113
51k 6520 - 5321 | 5606 3631 | 3982 1292 | 1785
.516 6626 | - 6149 | 6439 888 | keht 1963 | 2ké66
518 6832 | - T281 150 | 4%16 2643 | 3156
0.520|0,270k0 | -0.77831 | 8131 |0.14416 | 4789 | 0.53332 | 385k
522 Tek8 | - 8684 | 8990 %686 | 5066 hozg | k562
52k 58| - 9546 | 9858 k961 | 5349 b3k | 5278
526 7668 | - .80417 | OT3k 5241 | 5636 59 | 6003
.528 878 | - 1297 | 1620 5525 | 5928 6173 | 6738
0.530/0.28090 | -0.82185 | 2515 { 0.1581k | 6225 [ 0.56906 | Th82
.532 8302 | - 3083 | 3h18 6207 | 6527 T649 | 8236
53k 8516 | - 3990 | L4331 6406 | 6833 8h01 | 8999
536 8730 |- 4906 | 5254 6709 | T1h5 9163 | 9772
.538| 8okl | - 5832 | 6186 7018 | Thé2 993k | %0555
0.5k0)0.29160 | -0.86768 | 7128 |0.17332 | 7784 |C.60T15 | 1348
Sk2! 9376 - TTi3 | 8079 7650 | 8112 1507 | e1%e
Shlil 955k [ - 8667 | g0kl 7974 | 84kS 2308
S5h6 9812 | - 9632 | %0012 8304 | 8784 3120 | 3790
0.550 [0.30250 | -0.9159% | 1986 |0.18979 | 9478 |0.65TT5 | SHTL
SR el | | 35 |eas| B | e
. O -
558 11361 - 5638 | 9606 0398 | 0937 8217 | 8967




NACA RM E50EOL

SOLUTTORS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW
PASSAGES - Continued .

as those shown for ¥ = 1.37 unless an asterisk
to left is increased one u.nit.]

Iz Io Ire M

Y
1.37 1.k0 1.37 1.ho 1.37 1.%0

3.3031 | 3.2431(|0.32910 372 |0.040882 | 14050 (0.
3.2769 | 3.217%| 3196 | Lo37 41209 [hhko2| .
3.8510 | 3.1920| 3484 | k332 L1537 | kh75h

3.2001 | 3.1h22 %063 | 4928 42198 | 45463

480
L8p
L84
3.2254 | 3.1670 3773 | 1630 41867 | 45108 ll:gg
koo
kgo

3.1752 | 3.1178 0.311:223 5008 0.0:2529 k5820 [0,
3.1261 | 3.0608 hoke | 5832 k3196 [ h6536| 494
3.0782 | 3.0230| 5535 | &4ks3 43868 | k7257 | 498

3.0547 | 3.0000(0.3583k | 6750 |0.0hk206 | HT7619 [0.500
613% 502

3.0315 | 2.9773 7059 Lyskh k7982

3.0086 | 2.9548 6436 | 7369 483471 .

2,9859 | 2.9326 6738 | T68%0 ksook 506
2.9635 | 2.9107| TOk3 | T95h4 %5566 | k9080 | .508
2,941k [ 2.8891(0.37348 | 8308 o.ok59gg LkohkB (0,510
2.9195 [ 2.8676 7655 | 862k Leo 49817 | 512
2.8979 | 2.8k65 796k | 8ok k6599 (50187 | 51k
2.8765 | 2,8256 8o7h | 9261 heoks | 50859 | 516
2,855k | 2.8049 8585 | 9581 k7292 150932 .518
2.8345 [ 2.7844 10.38898 | 9903 [0.0kTE4L |51305 (0.520
2,8138 | 2.7642 9212 | %0227 7990 | 51680 | 522
2.793% | 2.7543 9528 |*0552 bl 7| 528

L83 5205
2.7732 | 2.72h5 g8s | %0878 48693 | 52434 | 526
2.7533 | 2.7050| 50163 | 1206 kooks | se812| 528

2.7336 | 2.695710.40483 | 15835 [0.0%9399 | 53192 10.530
2,714 | 2.6666 oBok | 1866 L9754 533& 532

2.6757 | 2.6291 1452 | 2532 50467 54337 | 536
2.6569 | 2.6106 1777 | 2868 50826 | 54721 ] 538

2.6382 | 2.5924 [0 k2104 | 3205 |0.051185 | 55106 j0.540
2.6198 | 2,57k | 2433 | 3543 5155 (55492 | .5k2
2,6015 | 2.5565] 2763 | 3883 51906 [55880 | .54k

562
2,5657 | 2.521k | 3k27 | 4568 52632 | 56658 | 548

2.5480 | 2,501 [0.4k3762 | k912 [0.05299T | 57049 10.550

2.5306 | 2.4870 5258 53362 [578h0 | 552
2,5133 | 2.4702| M4k35 | 5606 53729 {57833 .

2,4962 | 2,453k | LWTTH | 5955 54096 | 58227 [ 556
2.4793 | 2.4369 511% | 6306 s5kli6s5 | 58622| 558

95



NACA RM ESOEOL

TABLE I - FURCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL
IN ROTOR COCLANT

[Digits to 1eft of those shown for ¥ = 1,k0 are same
appears, lndicating that next digit

XY XY
1.40 1.37 | 1.k 1.37 1.50

2 5 I Iy
1.37

0.31360 | -0.966 7106 | 0,20768 | 1317 | 0.69106 0
1584 | - 77;’2 8163 1143 | 1703 | .T0006 g’%ﬁ
1810 | - 8787} 9232 1525 | 2096 0919 | 1712
2036 | - 9859 | %0312 1913 | 249% 1843 | 2651
2262 | -1.00942 | 1403 2308 | 2901 2779 | 3602

0.32%90 [ -1.020k 251 |0.22709 | 3313 | 0.73728 | 4566

2718 | - 1k 62 3117 | 3732 k690 | 554k
20k8 | - ko6 15 3532 | k159 5664 | 6534
3178 [ - sSko | 589 3953 | 4592 6651 | 7537
3408 - 658 | TOM 4381 | 5033 7651 | 8554

0.33640 | ~1.0770 821 |0.24817 | 5481 |0,.7B665 | 9%8k
3872 |- 886 939 5260 | 5936 9692 | 0629
4106 | - .1005 058 5710 | 6399 | .80733 | 1687
h3ko | - 1oL 178 6167 | 6870 1788 | 2760
ksTh | - 2k5 300 6632 | T348 2858 | 3848

0.34810 | -1.1367 423 [0.27105 | 7835 [0.83942 | 4950
5086 [ - L9l | Sk8 7586 | 8329 50k0 | 6067
5284 |- 616 | 67k 8075 | 8832 6154 | 7200
sse2 | - The 801 8572 | 9343 1282 { 8348
5760 |- 870 | 930 | 9077 | 9863 827 | 9511

0.36000 | -1.1999 | *060 ]0.29590 | 391 {0.89586 | w0651
62k0 | - .2130 192 .30112 | 0928 | .90762 | 1887
6h82 | - o662 325 06h3 | 1475 1954 | 3100
672h | - 396 k60 1183 | 2030 3163 | k329
6966 | - 531 | 596 1731 | 2595 %385 | 5576

0,37210 | -1.2668 T34k 10,32200 | 3169 {0.95630 | 6840
Thok | - 806 87k 2857 | 3753 6890 | 8122
7700 1 - SkT | *015 3434 | L4346 8167 | 9k2z

7946 | - .3088 158 020 | L4950 Hhé2 | %OT7hO

8192 | - 232 | 302 k616 | 5564 |1.00775 | 2076

0.384k0 | -1,3377 | W49 |0.35223 | 6188 [1.0211 | 343
8688 'S 8ho k81

8938
9h38 97k | %052 7752 | 8792 762 | 905

0.39660 | -1.4228 | 207 |0.38412 | 9471 [1.0905 | %050
9ok (- 284 364 9082 | «0161 | .10%0 198
40196 K2 | 523 9764 | %0863 197 | 3k8
o0k

500
763 | 87 1163 | 230k | ko8 | &sh




KACA RM ESOEOL 97

SOLUTIONS OF EQUATIORS FOR ONE-DIMERSIONAL GAS FLOW
PASSAGES - Continmed

as those shown for ¥ = 1,37 unless an asterisgk
to left 1m Increased one unit.

x

IR I IT,e

Y Y
1.37 1.bo 1,37 1.20
0.45556 | 6658 | 0,05835 | 59018|0.

5

1.37
2.1626

:

2 560
2.5461 | 2. 4044 5799 | 7011 55205 | 59416| .562
2.4297 1 2.388% 61y | 7367 55577 | 5981k 564
2.k135 [2.3725( 6kg0 | 7723 55950 | 60213 .566
2.3975 | 2.3568 6838 | 8082 56324 | 60614 .568
2,3817 | 2.3413 lo. k7187 | 8kh2 | 0.056698 | 61015 [0.570
2.3660 | 2.3260 7537 | 8803 5707k | 614181 .S5T2

2.350h |2.3108] 78BS0 | 9166 | SThsL | 61821 .57
2.3351 | 2.2958 82hk3 | 9531 57829 | 62226| 576
2,3199 | 2.2809 8598 | 9897 58208 | 62632 578

2.3049 | 2,2662 [0.48955 *0263 0.058588 | 63039 |0.580
2.,2900 [ 2,2516 9313 [#06 58969

2.2752 {2.2372| 9673 |#1005 59351 | 63856 .
2,2606 | 2.2229| 50034 | 1377 5973k | 64266 .
2.2462 | 2.2088 0397 | 1151 60117 | 646T76] 588

2.2319 | 2.1948 (0.50761 | 2127 | 0.060502 | 65089]0.590
2.2178 | 2.1810 1127 | 250k 60888 | 65502 | .
2.2038 | 2.1673 1kok [ 2883 | 61275 | 65916] .
2.1899 | 2.1537 1863 | 3263 61663 | 66331|
2.1762 | 2.1403 2233 | 3645 62052 | 66ThT] .

2.1626 [ 2,1270[0.52605 | %029 | 0.0624k1 | 6716k |0.
2.1492 [ 2,1138 2978 | Whak 62832 | 67582
2,1358 | 2.1008 3353 | k8ol 6322k | 68002

5189 :
2 1096 2.0751 o7 | 5579 64010 | 68843

2.0967 | 2.062510.54487 | 5971 | 0.06440%5 | 69265
_2.0839 |2,0499| h868 | 636k 64800 | 69689
2.0712 { 2.0375 5251 | 6759 65197 | 70113
2,0586 | 2.0253 5635 | T155 65595 | 70538
2.0h62 |2.0131| 6021 | 7554 65993 | T096%

2.0339 |2.0010 |0.56408 | 7953 | 0.066393 | TA39L
2.0217 |1,5891 6797 | 8355 66793 | 71820 .
2,0096 | 1.9713 7187 | 8758 6715% | 72249 .
1.9977 |1.9656 7579 | 9162 67596 | 72679 .
1.9858 [1.95%0| 17973 | 9969 68000 | 73110] .

1.9741 [1.9425 [0.58368 | 9977 | 0.0684%0k | 73542 (0,630
1.9625 |1.9311 8765 |%0386 68809 | 73975| .632
1.9510 {1.,9199 9163 (#0798 69215 | T4u09| .63k
1,9396 |1.9087 9563 (#1211 69622 | 7Thol:| ,636
1.9283 |1.8977 996k 1H1625 70030 |75280] .638

RER

pt

sbbRE |RRERE |BBBED 3%

(=]
Y
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NACA RM ESCEOL

TABLE I - FUNCTIONS OF MACH NUMEER REQUIRED IN NUMERTCAL
IN ROTOR COOLANT
E)igits to left of those shown for ¥= 1.4%0 are same
' appears, indlcating that next diglt

M w Ip Ie Ip

Y. Y Y.
1.37 | 1.40 1.37 | ¥L.k0 1.37 | 1.0
0.640(0.40960 ! -1.k927 | %012 | 0.41881 | 3042 |1.1652 810
B2 1216( - 5092 | 179 2611 | 379 807 | 969
Lok 1kTh | - 260 [ 348 3353 | 4558 965 | A30
646 1732{ - 430 519 108 | 5336 | .2126 293
648 1990 - 602 | 693 L8716 | 6126 288 | 459
0.650(0.,k2250 | -1.5776 | 868 | 0.k%657 | 6931 |1.245h4 | 627
652 2510 | - 952 | Yous 452 | TThG 621 798
. 2772 | - .6130 226 7260 | 8582 T91 971
.656 3034| - 311 Lo9 8082 | 9429 o6h | MAh7
.658 3206 - Lok 594 8919 | %291 | .3139 326
0.660|0.43560 | -1.6680 T81 | 0.49770 | %1168 |1.3317 507
.662 3824 | - 868 970 .50636 | 2060 ko7 691
.664 %090 | - .7058 162 1517 | 2967 681 878
666 4356 - 251 357 2h1h | 3891 867 | %68
668 kb2l - W46 554 3326 { 4831 | .4os6 | 260
0.670{0.44890 | -1.7644 754 | 0.54255 | =787 | 1.4248 456
672 5158 | - 84k 956 5199 | 6761 Lo 654
BTl 5428 | - 8048 161 6161 | 7751 &40 %56
676 5698 | - 254 369 T139 | 8759 8l 60
.678f H968) - 462 580 8135 | 9786 | .5045 268
0.680|0.46240 | -1.86Th 793 | 0.59149 | %830 | 1.5252 580
.682 6512 - 888 | *010 .60180 | 1893 Lhé2 6oL
684 6786 | - .9106 229 1230 | 2975 676 912
.686 7060 - 326 k52 2099 | LoOTT 893 | 13k
.688 7334k - 550 67T 3388 | 5199 | .61lh 358
0.690]0. %7610 | -1.9776 906 | o.6495 | 6340 |1.6338 587
692 7886 | -2.0006 138 5623 | 7503 565 819
694 8164 | - 239 3713 6772 | 8686 797 | 055
696 Bhh2| - W75 | 611 7941 | 9892 | .7032 | 295
.698| 8120 - 715 | 853 9132 9 270 | 539
0.700[0.49000 | -2,0958 | %099 | 0.7034k4 | 2369 11,7513 786
02 9280 | - .120% 348 1579 | 3642 T60 | %038
.ok 99562 - 45k | 600 2836 | 4938 | .8011 | 29%
.706 o8kl - 708 857 k117 | 6259 266 554
.TO8| 50126 | - 965 | %17 sh22 | 760k 525 a1g
0.7100,50410 | -2.2227 380 |o0.76751 | 8974 {1.8788 | *088
.Tle 0694 | - 492 648 810k | %0370 | .9056 361
.1k 0980 | - 761 920 o8k | #.792 329 639
.716 1266 | - .303k 196 .80889 | 3211 606 922
.T18| 1552} - 311 | W76 2320 | 4717 888 | *210




NACA RM ESOEOL

SOLUTTONS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW

PASSAGES - Continued

as those shown for ¥ = 1l.37 unless aan asterisk

to left is increased one unit.]

IB Ic IT,o M

Y Y
1.37 1.50 1.37 1.40 1.37 1,50
1.9171 | 1.886710.60367 | 2042 | 0.070438 | 7ST17[0.680
1.9060 | 1.8759 oTI2 | 2460 70848 | 76155 .6L2
1.89%01 1.8651| 1178 | 2879 71259 | 765 26k
1.8841 ] 1.8545% 1586 | 3300 7670 | T7034%| .646
1.873%} 1.8439 1996 | 37124 72083 | TThTh| 648
1.8627 | 1.833%(0.62407 | %148 |0.072496 | T1716/0.650
1.8521 | 1.8231| 2819 | LsTs T2910 | 78359 .652
1.8516} 1.8129 823k | 5002 13325 | 78802 glé
1.8312§ 1.8027 3650 | ®h32 T37h2 | TO24T| .
1.8209 | 1,7926| L4067 | s864 4158 | 79692| .658
1.831071 1,7826(0,.64486 | 6297 | 0.0T45T76 | 80138)0.660
1.8006 | 1.7727 koo7 | 6732 72223 80586| .662
1.7906 | 1.7629 5330 | 7168 7 81034 | 664
31,7807 | 1.7532| 575k | 7607 75835 .666
1.7708 | 1.7436 6179 | 8okT 76256 | 81933 .668
1,761} 1.73W0|0,66607 | 8488 [0.076679 | 82384 |0.670
1.7%18 | 1,726 7036 | 8932 T7i02 | 82835 .672
1,748 1,7152 Th66 | 9377 T7526 | 83288 .67
1.7323 | 1.7059 7898 | 982k T7950 | 837h2| 676
1,7229 | 1.6967| 8332 | #0272 78376 | 84196| .678
1.7136 ] 1.6876)|0.85768 | #0723 1 0,078803 | 84651 ]0.680
1, 7084 § 31,6785 020% | #1175 79230 | 85108 .682
1,6952 | 1.6696] 964k | #1629 79659 | 85565| .68k
1,6861| 1.6607| 70085 | 2084 80088 | 86023 | .686
16771} 1.6519] 0527 | 25k2 80518 | 86482| .688
1.6682( 1,6431.{0,70971L | 3001 | 0.0809%9 | 86041 (0.690
1.6593 | 1.6345 1416 | 3k62 81380 | 87hO2|
1.206 1.6259 1864 | 3924 81813 | 87864 694
1,68 | 1.617k 2312 | L4389 82246 | 88326 .
1.6332| 1.6089 2763 | 4855 82680 | 8878g| .698
1.6247 | 1.6006]0.73215 | 5323 | 0.083116 0.700
1.6162 | 1,5923| 3669 | 5793 83551 | 89718 .702
1.6078 | 1..5841| kios | 626% 83988 | s018%| .70k
1.5995 | 1.57%9 ks82 | 6737 8iho6 | 90651 LT06
1.5912 | 1.5678 sob2 | 7212 8486k | 91118 .T08
1.5830 | 1.5598(|0.75502 | 7689 [0.085303 | 91586(0.710
1.5749 | 1.5519 5965 | 8168 85743 | 92055 .T12
1.5668 | 1.55k0 629 | BE48 86184 | 92525| .71k
1,5598 | 1.5362 6895 | 9131 86626 | 92996 .T16
1.5509 | 1.52684| 7363 | 9615 87068 | 93468| .718
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NACA RM ES50EO4

TAELE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL

IN ROTOR COCLART

[Digite to left of those shown for Y = 1L.40 are same
appears, indlcating that next digit
M Ve I, I, Ip
Y ¥ Y
1.37 | 1.k 1.37| 1.ho0 1.37 { 1.k0
0.720(0.51840 | -2.3593 760 | 0.83779 | 6221 | 2.017h 502
722 2128 { - 879 { %ok9 5266 | TT55 800
T2k 2418 | - .1169 /2 6781 | 9317 762 | 03
.T26 2708 | - héh 640 8325 106k 411
.728 2998 |- 763 o2 9899 | *2533 37k 724
0.730/0.53290 | -2.5067 | 249 | 0.91503 | k187 | 2.1684 | ¥oM3
732 3582 |- 376 561 3138 | 587k | .2002 368
L35 3876 - 878 6| 759 325
.736 k170 | - .6008 200 9348 65% | W03
738 b6k {- 332 | So7 82ho | M136 990 | %377
0.740(0.54760 | ~2.6661 860 | 1.000L 296 |2.3331 726
.Th2 5056 | - %98 181 kg2 679 | *o8L
.7 5354 | ~ ,T336 542 365 672 1033 L2
JT46 5652 | - 891 552 865 . 393 a1l
.T48 5950 | - .8033 okg 7 760 | W86
0.750)0,56250 | -2.8390 | 60T | 1.0939 | +«e6hk [2.513% | 568
752 6550 |- TS5k | 97k .1138 | 70 515 | §5T
<S54 6852 | - .9123 348 3k2 679 903 | *353
.756 L5k | - 99 ‘728 5ho 893 . 51
758 Ths56 | - 882 761 | #12 702 | #69
0.760{0.57760 | -3.027L 508 | 1,1977 | |35 | 2.7112
762/ 8064k | - 7 | 908 2197 | 563 531 | 8017
ST6H 8370 | - 1070 315 423 T95 *53
766 86761 - L80 T30 653 | %32 .8393 897
768 8982 |- 898 | Mms2 888 | %275 837 | W51
0.770{0.59290 | -3.2323 582 | 1.3128 522 | 2.9289 814
LT72)  9%98) - 756 | %20 373 | 715 751 | *285
ST 9908 | - ,3197 465 623 | %034 | 3.0221 766
7761 60218 | - 646 919 879 | %208 T02 | *258
T8 0528 | - Lok 382 b0 568 1192 159
0.780]0,60840 | -3.4570 853 | 14407 | 843 | 3.1692 | %70
782 1152 | - 5045 334 680 | #1285 2203 792
.T84 1466 | - 529 823 959 | #4213 724 | *325
.186] 1780 | - 6023 | 323 .52k5 | 708 3256 | 869
.788 209k | - 526 831 536 | %009 T99 | *ko5
0.79010.62%10 | -3,70k0 350 ! 1.5835 | 17 | 3.43%4 992
.792 2726 | - 563 880 6140 632 921 | *sT2
9kl 30hh | . 827 koo k52 | 955 | .5501 | *165
796 3362 | - Lo 971 72 | %285 6092 7;(9)
J198| 3680 | - .9198 | 533 ,7098 | 622 B




NACA RM E50EOL

SOLUTIONS OF EQUATIONS FOR ONE-DIMERSIONAL GAS FLOW
PASSACGES - Continued

as those shown for ¥ = 1,37 unless an asterisk

to left 1s increased one unit.]

Ir I, Ir.0 M
Y Y Y

1.37 1.40 1.37 1.k0 1.37 1,50

1.5431 | 1.5207|0.77832 | #0101 | 0.087511| 93940 0.720
1.5353 | 1.5131 8303 | #0588 87955 | Shhikl .722
1.5276 | 1.5055 8776 | #1078 88ko0| o888 .72k
1.5199 ] 1.49580 9250 | #1569 88846] 95363 .726
1.5123 | 1.5906 9727 | #2062 89292 $56838( .728
1.5048 | 1.%832|0,80205 | 2%58 | 0.089739| $6315|0.730
1.k973 | 1.5759| 0685 | 305% 90187 | 96792| .732
1.4899 | 1.4687 1166 | 3553 90636 | 97270 .734
1.4825 | 1.k615 1650 | h4osh 91086| 9TT49| .736
1.k752 | 1.4543 213k | 4556 91536 98229| .738
1.4680 | 1 .472(0.82621 | 5060 ) 0,091987| 98709{0.740
1.h608 | 1. 3110 | 5566 92k39| 99191 .Th2
1.4537 | 1.4333 3600 | 60Th 92892 99673] .Thh
1. 14064 Loge | 6584 93345 |%00156] . 7Th6
1.5396 | 1.4195] k586 | 7096 93799 |#00639| .T48
1.4327 ) 1.5127|0.85082 | 7609 0.0%9425k [#01124] 0.750
1.k258 | 1,4060 5579 | 8125 710 | #0160G] 752
11,4190 | 1.3993 6078 | 86hk2 95166 [#02095] 78k
1.h122 | 1.3926] 6579 | 9161 95624 (#02581 756
1.kosk | 1,.3860 7082 96082 |%03069| .T58
1.3988 | 1.3795/0.87587 | #0205 | 0,096540 [#03557| 0,760
1.3921 | 1.3730 8093 | #0730 97000!0&022 762
1.3856 | 1.3666| 8602 | #1257 97k60 [#0k536{ .Té:
1.3790 | 1.3602 9112 | #1786 97921 | %0%026] .T66
1.3726 | 1.3539 9623 | #2316 98382 |#05517| .768
1.3662 | 1,3%76]0.90137 | 2849 | 0.0988%k |%06009] 0.T70
1.3598 | 1.3k1k| 0652 | 3383 99308 |®06502! .TT2
1.3535 | 1.3352| 1170 | 3920 99772 |#06996] .TT:
1.3k72 | 1.3290 1689 | Lhs8| .100236! OThSO| .TT6
1.3410 | 1.3229 2210 | L998 00TOL| 07985 .TT8
1.3348 | 1.3169]0.,92732 | 5540 0.10217 | 0848 | 0,780
1.3287 | 1.3109 3257 | 6084 0163 | 0898 | .782
1.3226 | 1.3050| 3783 | 6630 0210 | 0947 | ,T8%
1.3165 | 1.2990 312 | 7178 0257 | 0997 | .786
1,3106 | 1.2932 Lgho | 728 o304 | 1047 | .788
1.3046 | 1,287410.9537h | 8280 | 0.10351 1237 0.790
1,2987 | 1.2816 5008 | 883% 0398 T | 792
1.,2870 | 1.2702 6981 | 99hT ooz | 1247 | 796 |
1.2813 | 1.2645 7520 | #0507 0539 | 1297 | .798

101



102 . ...t . .. ... - .. NACA RM ESCEO4

TABLE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL
IN ROTOR COCLANT

[Digits to left of those shown for ¥ = 1.40 are same
appears, indicating that next digit

a Iy, Ir Ip
1.37 | l.hkoO 1.37 | 1.40 1.37 | 1.k0

0.800{0.64000| -3.9765 | %07 | 1.7433 | 968 | 3.7316 | 21
.802 4320 | -4.0345 693 T76 | #322 o8 | %668
.80k hsho | - 936 | %201 8126 684 8594 | %329
806 hoélk | - .1540 902 485 | %05k ,9256 | %05
808 5286 | - .2157 526 853 | *43h 932 | %697

0.810]0.65610 | -4.2788 | %63 | 1.9230 g2k | k.ofek | %05

=

812 62931; - 3432 815 616 | %222 1332 | *30
Bk | 66260 - hO9L 481 | 2.0012 631 .2057 a8r2
816 6586 | - 764 | ¥62 417 | %050 799 | #631
818| 6912 | - .5u52 | 858 833 | W79 | .3559 | *408

0.820|0.67240 | -b4,6156 570 | 2.1259 920 | L.4338 | %205
.82 568 | - 877 | *299 697 | *#372 5135 | %021
.82h 7898 | - 7614 | *obs L2145 835 g52 | 4857
826 8228 | - .8369 808 606 | %310 6790 | #715
.828 8558 | - .91kl 590 .3078 798 LTEHE | #5593

0.830]0.68890 | -k.9932 | %90 | 2.3563 | %300 | k.8529 | *495
.832 9222 | -5.0743 | *®10 J061 814 9h32 | *#419
.83k 9556 | - 1573 | %050 572 | %343 | 5.0359 | %368
.836 9890 | - .2hoh 911 .5098 886 1310 | %341
.838| 70224k | - .3297 ol 638 | Wiy 2286 | #341

0.84010,70560 | -5.4192 699 | 2.6193 | %017 { 5.3289 | 367
Bh2 0896 | - .5110 €28 764 | %607 4319 | w2

1234 | - 6052 581 .T351 | w21k 9377
Bi6} 1572 - LTOL9 | 560 954 | %838 | 646k | 61T
B48[ 1910 - .B012 | 564 | .8576 | W80 | .7582 | #7162

0.850(0,722%0 | -5.9032 | 596 | 2.9216 | #k1l | 5.8732 | %939
852 2590 | -6.0080 | 657 87k | #822 .9915 |4150
. 2932 | - 1157 | 74T | 3.0553 | #523 | 6.1132 | #397
3274 | - 2265 868 1252 | #2h6 .2385 | %680
3616| - .3405 | w021 973 | w991 .3676 | 5002

856

858

860j0.73960 | -6.45TT | 07 | 3.2726 | #7159 | 6.5005 | %363
862 430k | - 5784k | #29 3483 | 552 .6376 | #7166
aeh - .7028 €87 1275 | #370 L7788 | 9213
866 Logog | - .8308 983 5001 | %21k .Gok6 | ¥T06
868 -
8710
a2
87h
876

5342 .9629 | %319 935 | 7086 | 7.0750 | 2246

0.75690 | -7.0990 | %697 | 3.680T7 | %987 | 7.2302 | #836
6038 | - .2395 | #19 .T708 | *919 .3905 | 5478
6388 | - .3845 | w586 8640 | %882 5562 | TITS

6738) - 5342 | %01 L9604 | *879 .T275 | %930

- 6889 | %667 | h.0602 | *911 .90k6 | *7hk

878 7088
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SOLUTIONS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW
PASSAGES - Contlnued

as those shown for ¥ = 1.37 unless an asterisk
to left 1s increased one unit.]

Ir Is Ir.e . M

Y ¥ Y
1.37 1.ko 1.37 1.ho 1.37 1.50
1.2756 | 1.2589(0.98061 | *1069 | 0.10587 | 1348 | 0.800
1,2699 | 1.2534 860k | #1633 063k | 1398 | .802
1.2642 1,2578 9150 | #2198 0681 | 148 | .804
1.,2586| 1.242k 9696 #2766 0729 | 1499 | .806
1.2531| 1.2369|1.00245| 3336 o776 | 15k9 | .808
1.24761] 1,231511.0080 391 |0.1082% | 1600 | 0.810
1.2421 | 1.2262 135 hhs 0872 | 1650 | .812
1,2365 | 1.2209 190 506 0920 | 1701 | .81k
1.2313 | 1.2156 2l6 563 0967 | 1752 | 816
1.2259{ 1.2104 302 é21 1015 | 1803 | .818
1,2206 | 1.2052|1.0358 680 |0.11063 | 185k | 0.820
1.2153 | 1.2000 bk 738 1111 | 1905 | .822
1.2101 | 1.1949 k70 796 1159 | 1956 | .82k
1.2059 | 1.1898 527 855 1208 | 2007 | .826
1.1997 | 1.1847 o1L 1256 | 2058 | .828
1.1946 ! 2,1797]1.0641 973 |0.13304 | 2110 |0.830
1.1895| 1.1747 #033 1352 | 2361 | .832
1.18kk | 1,1698 T55 | #092 1ko1 | o212 | .83%
1,279 | 1.1659 *152 A4ko | 2264 | 836
1.1745 | 1.1600 871 | *»12 1408 | 2315 | .838
1.1695| 1.1852]1.0929 | #2712 | 0.11546 | 2367 | 0,840
1.16k6 | 1,150k 087 | %333 1223 2418 | 842
1.1597| 1.1456| .10k 39k 1 oh70 | .84k
1,159 | 1.1409 b1 Lsh 1693 | 2522 | .8L46
1.1501 | 1.1362 162 51% 17kl | o574 | .848
1,553 | 1.1315[1.1221 577 |0.11790 | 2626 [ 0.850
1.1%06 | 1,1268 280 638 1839 | 2678 | .852
1,1359 | 1.1222 3ko T00 1888 | 2730 | .85k
1,1312| 11277 399 | 762 1937 | 2782 | .856
1.,1266( 1.1131 459 82k 1987 | 2834 | .858
1.1220 | 1.1086|1.1519 886 | 0.,12036 | 2886 | 0.860
1,117k | 1.10k2 579 k8§ 2085 | 2938 | 862
1.1128 | 1.0997 639 | 011 2134 | 2990 | .864
1.1083 | 1.0953 700 | %*QT7h 2184 | 3043 | 866
21,1038 | 1.0909 T61 | #137 2233 | 3095 | .868
1.099% | 1.0866(1,1822 | #201 | 0.12283 | 3148 | 0.870
1.0950 | 1.0822 883 | #26k 2332 | 3200 | .872
1,0906 | 1.07T9 okl | %328 2382 | 3253 | .67k
1.0862 | 1.0737/| .2006 392 2h32 | 3306 | .876
1.0819 | 1,069 067 k56 2481 | 3358 | .878
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TABLE I -~ FUNCTIONS OF MACE NUMBER REQUIRED IN NUMERICAL

IN ROTOR COOLANT

[D1gits to left of those shown for ¥ = 1,40 are same
appears, indicating that next digilt
N e Iy ir Iy
Y ‘r ‘r T
1.37 | 1.%0 .37 | 1.k0 1.37{ 1.k0
0.880(0. 7740 | -7.8488 | %285 | 4.1635 | %79 | 8.0879 | 2622
882 TT92 | -8.01k2 959 .2706 | L4086 LTTT | h566
884 81k6| - 1854 | %692 .3816 | 5234 L7483 | 6580
.886 8500 | - 3626 | #4386 L967 | 62k 6780 | 8667
.888 885k | « ShE2 | 45 6163 | %660 .88%% | %0833
0.8900.79210 | -8.7366 | *o72 | k,7hok | =94k | 9,1087 | 3080
.892 9566 | - .934L | *2T1 8654 |%0278 L3364 | 5413
.89k 992k | -9,13G2 | #3L46 | 5,0035 | %665 .5731 | 7838
.896| .80282| - .3522 | #502 L1430 | 3108 L8191 no3gg
.898 o640 | - 5736 | #*Thi 2883 | %610 {10.0075 | 29
0.900/0,81000 1 -9.8040 | %076 | 5.4397 | 6176 |10.3k2 571
902 1360 {-10.0438 | s0h .5976 | 7809 620 856
Sok!  1re2 |- .2938 | *03hk 62k | 9512 .909 | %53
.906 208k |- .55kl | #672 9345 |mag2 |11.212 563
.508 ohh6 |. 8265 | w26 | 6.11kk | 3153 .528 787
0.910[0.82810 [-11.111 230 | 6.3025 | 5099 [11.858 25
912 3174 - 08 531 4996 | T137 |12.20h 479
.91k 3540 |- .T719 86 .7062 | 927k 566 850
.916 3906 [-12.045 176 .9230 | 44517 46 U0
.918! he72 |- .387 523 | 7.1%07 | 3872 |13.344 649
0.92010.84640 {-12,T46 886 | 7.3902 | 6350 (13.764 | #0768
922 5008 [-13 .12k 269 L6424 | 8958 {14.205 530
92k 53781~ .522 672 .9082 | %708 669 | %007
.926 5748 (- .oh2 #096 | 8.1888 | 4611 |15.160 509
.928 61181-14.384 545 485k | 7679 .678
0.930|0.86490 |-14,853 *#019 | 8.7995 (#0928 |16.226 602
.932 6862 (-15.348 521 { 9,1324 | 4371 807 #4.98
93k 7236~ .87k | %053 A860 | 8030 |17.%23 830
.936 7610 |-16.434 619 .8622 | %921 |18. 079 502
.938 T98% [-17.029 222 (10.2632 | 6069 .T78 #218
0.94010.88360 |-17 .664 865 {10.651 %050 | 19,523 982
.She 8736 1-18.343 553 [11.150 52k [20.321 800
.94k §11% |-19.07L 289 1 #033 {21,176 617
.9k6 gkop |- 852 %081 [12. 170 580 | 22,09 620
S48 9870 1-20.694 933 .Tho %165 |23.087 636
0.95010,90250 |-21.60% 854 |13.356 806 {24,158 T3h
952 0630 [-22, 589 852 |1hk.024 498 (25.318 92k
1012 |-23.66 937 <TOL ¥250 |26.581 18
.956 139k -2k, 829 2] 15,54 #0TL | 27.959 w631
.958] 1776(-26.110 k17 [16.415 971 [29.h70 | #180
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SOLUTIONS OF EQUATIONS F(R CRE-DIMENSIONAL GAS FLOW

PASSAGES -

Continued

as those shown for ¥ = 1.37 unless an asterisk
to left is increased ome unit.]

Ig @ ) Ire ¥
i Y Y

1.37 l.ho 1037 1."’0 1'37 l.m
1.0776 }1.0652 |1.2129 521 | 0,12531 [ 3411 }0.880
1.0733 |1.0611 191 585 2x81 | 3h6k | .882
1.0601 {1.0569 a5k 650 2631 | 3517 | .88&
1.0649 |1.0528 316 1% 2681 | 3570 | .886
1.0607 |1.0487 379 T8 2731 | 3622 | .888
1.0565 {1.08k6 |1.o4k2 86 | 0.1278L | 3676 |0.890
1,052k |1.0k06 912 2831 | 3729 | 892
1.0483 |1,0366 568 o978 2881 | 3782 | .99k
1.0kk2 |1.0326 632 | #0hk 2932 | 3835 | .896
1.0402 |1.0286 696 | #110 2082 | 3888 | .898
0362 |1.0247 |1.2760 | #1777 | 0.13032 | 3%h2 [0,900
1.0322 }|1.0208 62 | *ohh 3082 | 3995 | .902
1.0282 |1.0169 889 | »311 3133 | hok8 | .90k
1.0243 11.0330 953 | #378 3184 | k102 | .906
1,020k [1.0092 | .3018 L6 323k | k155 | .908
1,01648|1.005k2(1.3083 514 | 0.13285 | L4209 {0.910
1.01262|1.00164 148 581 3335 | heé2 | 912
1.00879(0.99783| 21k 650 3386 | 316 | 914
1.00497| .99415 279 718 3437 | %370 | .916
1.00119] .990Lk5 3k5 87 3488 | Liok | .918
0.9974210,9867T7(1.3411 856 | 0.13538 | Lb77 10.920
99368 .98311 4178 925 3589 | 4531 922
.98998] 97947 Sl 99k 3640 | 4585 | .92k
.98629; .97586 611 | %063 369L | L6329 | 926
98262 97228 678 | %133 3The | k693 | .928
0.97898/0.96872|1.37h5 | #203 | 0.1379% | 4747 [0.930
97537 .96518 812 | #2273 3845 | k801 | .932
JOT176| .96166 880 | =3h4 3896 | 485 | .93k
. 95817 ok8 | 1k 3¢9k | k910 | .936
. 954869 Lho016 | 485 3999 | 496k | .938
0.96112[0.95124 |1.4:08% 556 | 0.14050 | 5028 {0,940
95761 94781 153 628 hior | 5072 | .Sh2
S5813] . 221 699 4153 | 5127 | 9k
. Sklo2 290 T71 hook | 5181 | 946
ShTek| 93765 359 | 843 hos6 | 5236 | 948
0.9%382]/0.934k31 |1.4429 916 | 0.143Q7 | 5290 ]0.950
9kok2| .93008 kg8 988 k359 | 5345 | 952
93705 .92769 568 | %061 BL11 | 5399 | .95h
.93370] .92kl 638 | *13k khéo | sush | 056
93037| .92115 708 | #207 51k | 5509 | .958

105
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TABLE I - FUNCIIONS OF MACHE NUMBER REBQUIRED IN NUMERICAL

IN ROTOR

COCLANT

[Digits to left of those shown for Y = 1.40 are same
appears, indicating that next digit

M v i} I; Ip
1.371 1.ko 1.37 1.0 1.37 1.%0
0.960 |0.92160 |- 27.519 84k | 17.372 962 | 31.132 884
.962 o5kl [~ 29.076 k20| 18,432 #059 | 32,970 #769
964 2930 |- 30.806 #173 | 19.610 #2781 35.013 86k
.966 3316(- 32.740 #131| 20.928 #6042 | 37.298| #207
.968 3702 |- 34.917 #3351 22,412 %177 | 39.870 #8hly
0.970|0.94090] - 37.383 833| 24.094 918| 42.786 #8934
972 478| - 40,203 688! 26.018 909 | 46.120 #2053
9Tk 4868 - Lh3.456 982 28.240 #208| 49,968 51.199
2976 5258| - 47.252 826| 30,833 #8091 | sk.k59 %80k
978 5 - 51.739 #370! 33,899| 35.064| 59.768; 61.248
0,980 (0.96040|~- 57.123 822| 37.%80 #873| 66,142 #784
.982 6k32]- 63,70k 86| 42,081 #530| 73.933| 75.T73
984 6826| - 71.932 #818| 47.709| 4¥9.354| 83.675| 85.763
.986 T220] - 82.510 #530| 54,948 56.84l| 96.203| 98.610
.988 7614 - 96.615 #813| 64.603| 66.836|112.910|115.T42
0.990 {0.98010| -116.36 1117.81 | 78.122| 80.827{136.30 {139.73
.992 8406|-145.99 |147.81 | 98.407]101.817!171.k0 {175.72
994 880k [-195.36 [197.81 |132.220(136.808 [229.90 [235.T1
.996 9202 |-29h4,.11 |297.80 [199.85k [206.798 |346.91 |355.T0
.998 9600 |-590.35 {597.80 |402.778 |416.791 |697.96 |T15.69
1.000 |1.0000 (0] Q0 o0 o (0 0] o0




NACA RM ES50EOL

SQLUTIONS OF EQUATIONS FOR ONE-DIMENSTONAL GAS FLOW
PASSAGES - Concluded

as Tthose sghown for ¥ = 1.37 unless .a.n asterisk

to left 1s 1ncreased one unit .]

Ig T I'r,e M
¥ Y Y
1.37 Lo | 1.37 1.ko 1.37 1.ho
.92706(0.91791| 1.b779 | #281 | 0.18%66 | 5563 | 0.960
92377| .91k69 8o | #35% k618 | 5618 | .962
.92050( .911k49 920 | 428 L670 | 5673 | .96k
91725 90831 991 | #5502 722 | 5728 | .966
O1k02| 90515 .%062 577 BTtk | 57683 | .968
0.91081 (0.902011.513% 651 | 0.14826 | 5838 [0.970
90762 .89889| 206 | 726 L878 | 5803 | .972
.90kks | 809578 278 802 8930 | 5948 | .97k
+90130| .89270 350 817 hg82 | 6003 976
.89818| .8896% koo | 952 5035 | 6058 | .978
.89%06 |0.88660! 1L.5495 | %028 | 0.1%087 | 6113 {0.980
89197 .88357 568 | *1ok 5139 | 6168 | .982
.88889| .88056 641 | =181 5192 | 6223 | .984%
.8858% | 87757 715 | #257 sekh | 6279 | .986
.88280| .87h60 788 | #334 5296 | 6334 | .988
0.87978|0.87165/1,5862 | #4131 | 0.,1%5349 | 6389 [0.990
87678 | .868T1 936 | #488 540l | €4ks | 992
87380 .86579| .6010 566 shs5h | 6500 | .99
87084 | .86289 085 64k 5506 | 6556 | .996
86789 | .86001 160 T22 5850 | 6611 | .998
0.8649610.85T1k| 1.6234 800 | 0,1%612 | 6667 |1.000

é
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{a) Coolant velocities.
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(b) Combustion—gas velocities at entrance to rotor stage.

Figure 2. - Fluid-velocity vector diagrams.
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Figure 3. — Continued. Variation from tip to root
of finned-hollow—klade data used in numerjgal
example.
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Figure 3. — Continued. Variation from
tip to root of finned—hollow-blade
data used in numerical example.
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Figure 4, -~ Variatlon of specific heat of air at
constant pressure with absolute temperature
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Figure 9. — Computed cooling-air total and blade-

metal temperature distribution computed from
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